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Abstract
Co-translational folding is a fundamental process in biology studied primarily using biochemical and
biophysical techniques. The dynamic nascent chain has largely eluded high resolution structural study,
although NMR spectroscopy is recently emerging as one of the principal techniques for acquiring a
dynamic and structural understanding of the nascent chain due its advantages in investigating dynamic
systems. As such, NMR has lead to a rich understanding of ribosome-bound nascent chains (RNCs) in
terms of their dynamics and folding on the ribosome.
The aim of this project is to explore the NMR observable properties that can be manipulated according
to the kind of system one chooses to study. In particular, the exploitation of the fast exchange regime in
NMR spectroscopy has not been applied to the study of RNCs. This is despite the potential advantages
fast exchange can show over slow exchange for samples of low concentration and stability, which make it
potentially very advantageous for the study of RNCs.
We briefly describe the previous approaches that have been successful in producing nascent chain
samples that can be studied by NMR, namely α-synuclein, an intrinsically disordered protein (IDP),
that allows for investigations of interactions with the ribosome surface, and domain 5 of the gelation
factor of Dictyostelium discoideum, where co-translational folding has been probed by the development
of constructs that possess varying degrees of structure whilst attached to the ribosome.
Following this, an argument is presented for the advantages in exploiting the fast exchange regime, as
the domain 5 system is in slow exchange on the NMR timescale, which leads to certain limitations. This
is followed by the design and development of translation stalled nascent chains of fast folding domains.
We present NMR characterisation of the folding of two such fast folding proteins, the GA module and
the HP36 villin headpiece domain. This is followed by NMR investigations into a translation stalled
construct of the GA module, a small albumin binding domain.
Further to this, we also investigate the interaction between α-synuclein and the ribosome surface by
measurement of amide proton relaxation rates of α-synuclein over a titration of varying α-syn concen-
trations. Finally, we show the results of attempts to incorporate 3-fluorotyrosine into proteins and RNC
samples, and show how this can be used as a unique NMR probe. We show that this approach allows one
to acquire NMR spectra of RNCs with no background signal from the ribosome, and that the sensitivity
of the fluorine chemical shift to its environment therefore has the potential to uncover rich information
about the ribosome surface and the effect it has on interacting species.
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Chapter 1
Introduction
1.1 Protein folding on the ribosome
An understanding of the differences between the folding of an isolated protein and that of the same molecule
undergoing translation is a crucial step for understanding protein folding in a biological context. The
ribosomal complex is known to have an impact on the translating polypeptide as it moves away from the
peptidyl transferase centre (PTC) and along the ribosomal exit tunnel (Figure 1.1), and has even been shown
to interact with the partially folded protein as it emerges into the cellular milieu [2, 3]. These interactions
are likely to play a role in modulating the folding pathway of a nascent chain, and numerous techniques have
been developed to study the acquisition of structure on the ribosome. By using functional assays [4] it was
possible to deduce that the ribosome has an impact upon the kinetics of folding, as it was observed that
the bacterial luciferase enzyme becomes enzymatically active more quickly after cell free translation than
after renaturation in vitro from urea induced unfolding. Single molecule force microscopy [2] has also been
used to probe the effect of the ribosome on folding rates. As well as this, conformation dependant antibody
recognition studies [5] indicated that different proteins acquire structure on the ribosome at different points
in translation, and fluorescence anisotropy [6] has indicated unique dynamic behaviour of emergent peptides,
and that such dynamic behaviour is characteristic of folding competent sequences. Cryoelectron microscopy
[7] has revealed the presence of interactions between the nascent peptide and the walls of the ribosome exit
tunnel, which have been inferred to be important regulators of translation rate, as well as having an effect
on the conformation of the peptide.
Alongside these approaches, NMR spectroscopy has also emerged as a powerful technique for investigating
13
snapshots of the folding of the NC as it emerges from the exit
tunnel.
Results
An Expression System for Production of Stalled RNCs in E. coli.Weuse
a robust E. coli expression system that we have developed with the
aimof enabling theNC to foldwithin the natural cellularmilieu.We
chose as the NC for this investigation the truncated sequence
corresponding to a pair of Ig domains from the multidomain
gelation factor protein, ddFLN, fromDictyostelium discoideum that
we have studied previously (24). The construct consists of 104
residues of domain 5 (Dom5) and 90 residues of domain 6 (Dom6),
designated ddFLN646–839.
We selected a T7-driven vector backbone for high-level protein
expression both in in vivo and in vitro (cell-free) conditions, and
introduced several features to create a vector, pLDC-17 (Fig. 1).
The vector (see Methods) includes a multiple cloning site to allow
for the ready introduction of the polypeptide sequence of interest,
and a purification tag, here a hexa-His sequence, fused to the N
terminus of the NC to permit purification of ribosomal complexes
from the cellular milieu to be carried out rapidly under mild
conditions. The SecM motif (25, 26, 29) was incorporated at the C
terminus to cause the ribosome to stall at a specific position in the
sequence (P166 at the A site).
For the production of RNCs in vivo we used an adaptation of the
principles of autoinduction for protein expression, which relies on
the ability of E. coli to metabolize carbon sources selectively within
themedium, andwhich therefore facilitates high cell density growth
and enables the automatic induction (autoinduction) of protein
expression in the absence of inducers such as IPTG (28). We used
a variation of the autoinduction procedure and adopted a medium
(Methods and SI Text), which allowed us to stimulate the growth of
E. coli to reach stationary phase at high cell densities (OD600 5–10)
in the absence of NC expression, followed by re-introduction of the
cells into a M9 medium for expression. As a result, despite the high
cell density, we found that by replenishing essential nutrients, in
particular by adding glucose as the carbon source, and maintaining
high shaking speeds, the pH remained stable (6.8–7.0) and the
OD600 continued to increase, indicating that the cells remained
viable.
We then devised a modification of this strategy to introduce
15N-labeling (and subsequently 15N, 13C-labeling) selectively into
theNCs and not the ribosomes towhich they are attached.After the
initial high cell density growth step described above, the cells were
transferred into M9 in the absence of a nitrogen source to enable
the cells to deplete their endogenous supply of nitrogen. At
induction, the medium was replenished with isotopically (15N)
labeled ammonium chloride; this ensured that the added 15Nwould
be the sole source of nitrogen present during expression (Fig. 2). At
the end of the expression period, the increase inOD600 was typically
5–10%; this low value is important as it suggests that the majority
of cells were engaged in the energy-expending process of overex-
pression and thus limiting the extent of cell growth (Fig. 2).
Alternatively, the environmental conditions (high cell density) may
slow the overall growth of the cells thus limiting the production of
new ribosomes; regulation and biogenesis of ribosomes in the
context of cellular growth and conditions of stress is a complex
process, and the details of how the cell regulates the production of
ribosomes remain unclear. Nevertheless, the modest increase in
OD600 indicates that the cells are viable under these environmental
conditions. Moreover, the slow growth of the cells is highly bene-
ficial as it results in a reduced production of new ribosomes that
could take up the isotope, thusminimizing the possible background
signal arising from such labeled ribosomes in the subsequent NMR
spectra.
RNC purification from the E. coli lysate was carried out using
metal affinity chromatography followed by sucrose gradient ultra-
centrifugation (Fig. 3). Analysis of the NMR spectrum of the
sample indicates that the level of isotopic labeling in the NC was
typically over 95% with negligible background signals (see below).
Viability of an in Vivo Approach for the Production of Selectively
Labeled RNCs. Using this dual strategy, we have been able to
generate very pure RNCs at yields of 50–200 pmol/L, compa-
rable to those of an equivalent in vitro approach (26). Impor-
tantly the combined introduction of both the His tag and the
Fig. 1. The 70S ribosome and RNC constructs. Left: schematic diagram of the
70S ribosome with the 30S and 50S subunits highlighted in red and blue,
respectively. The PTC is shown occupied by tRNA (purple). Mapped onto the
ribosome is the NC construct as produced via the pLDC vectors. From the C
terminus at the PTC is the 17-residue SecM motif, (yellow), followed by the
selected NC (blue). The NC is shown fused to a hexa-His tag; Center: the
general features of the pLDC-17 vector are shown (above) in the N to C
direction. Schematics of the twoRNCsdescribed in this studyare shownbelow:
ddFLN646–839-RNC is Dom5 plus a 90 residue sequence derived from Dom6
fused to SecM; ddFLN646–750-RNC is Dom5 alone fused to SecM; Right: repre-
sentation of the two domain structure (from 1QFH.pdb) of Dom 5 and Dom 6
(ddFLN646–857). The ddFLN646–839-RNC vector comprises an NC construct de-
signed such that the final strand in Dom6 (G-strand, shaded gray) is absent.
Fig. 2. GenerationofRNCs in vivousingE. coliexpression.After transformation
of theNC-containingpLDC-17 vector into E. coli, cell growth tohigh cell densities
in MDG medium was allowed for up to 20 h, 37 °C, 280 rpm. Cells were then
harvested and resuspended in M9 expression medium in the absence of a nitro-
gen source. The nitrogen sourcewas depleted before the addition of 15N ammo-
nium chloride and expression induced at 25 °C. Cellswere harvested 45min after
induction.
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50S
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Figure 1.1: Schematic diagram of a nascent chain complex. After biosynthesis at the peptidyl transferase
centre, the newly formed peptide chain begins the process of traversing from the core of the ribosome,
through the tunnel, and into the cytosol, where it can begin the folding process. Figure obtained directly
from Cabrita et al. [1].
this process, as it is capable of providing structural and dynamical details on the acquistion of structure of
emerging nascent chains [8–11], which has been bolstered by developments in NMR methodology such as
SOFAST and TROSY based experiments in conjunction with selective methyl labelling strategies [12, 13].
Particularly notable in the case of NMR are the extensive studies carried out on domain 5 of the gelation
factor protein from Dictyostelium discoideum (FLN750) [11], which have shown that the fully translated
domain exists in a folded state even whilst attached to t ribosome, showing that folding can occur before
release of the protein from the PTC. Detailed analysis of selected heteronuclear multiple quantum coherence
(HMQC) peaks of the nascent chain also revealed the presence of interactions between the N-terminus of the
partially folded protein and the ribo ome, t us displaying the unique power of NMR to provide structural
and dynamic information at a residue specific level [11, 14].
In the following work, we discuss how previous research has uncovered the role played by the ribosome
in mediating the folding process. The work carried out on the previous nascent chain systems is described,
and certain limitations are pointed out. We then develop an argume t to circumvent these limitations by
appropriate choice of an alternate protein system with different NMR observable properties. We argue
that the manner in which chemical exchange kinetics alter the appearance of NMR spectra is a critical
component of choosing the appropriate system to maximise chances of developing a system that provides
as much information as possible. We begin in the next section by outlining the fundamental nature of
understanding how proteins fold in a general context, before applying this to a nascent chain system.
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Figure 1.2: Example protein folding energy landscapes. A: Energy landscape for a two state folding system
(equation 1.2.1). U = unfolded protein, F = native state (folded), ‡ = transition state. The kinetics of
folding is determined by the Gibbs energy of activation, ∆GU−‡. The difference in Gibbs energy between
the initial and final states, ∆GU−F , determines the relative population of denatured to native protein at
thermal equilibrium. B: Energy landscape for a protein that folds in a three state manner (equation 1.2.2).
A stable intermediate is denoted with I, and transition states/Gibbs energies are numbered according to
their order of appearance along the reaction co-ordinate. C: Alternate energy landscape schematic of an
isolated protein, showing the potential existence of kinetic traps such as the M state, which represents
very low energy states that can be accessed from the natively unfolded protein. These can be aggregate
formations, or simply alternate conformations that have no biological activity. This figure was produced
using the keynote software that comes installed on the Mac operating system.
1.2 The protein folding problem
The protein folding problem can be considered as the question of how a protein effectively exchanges between
its denatured, unfolded state, U, and the native state, F. In the simplest case, one can imagine two state
chemical exchange;
F 
 U. (1.2.1)
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Or there may be an intermediate, I;
F 
 I 
 U (1.2.2)
This process can be stated to be in chemical equilibrium when the overall Gibbs energy G of the system
is minimised, where G can be defined in terms of the enthalpy H, temperature, T , and entropy, S, of the
system;
G = H − TS (1.2.3)
The overall difference in Gibbs energy between two states such as U and F , is the crucial determinant of
relative population of these two states;
∆GU−F = GF −GU (1.2.4)
which can also be related to the equilibrium constant, K, between the two states;
∆GU−F = −RT ln(K) = −RT ln
(
[F ]
[U ]
)
(1.2.5)
where T is temperature and R is the molar gas constant. Figure 1.2A and 1.2B show the typical energy
landscapes that are described by equations 1.2.1 and 1.2.2, respectively. This reveals also the presence of
transition states (T ), that reside at the peak of the energy barrier that must be overcome to transition
from one minimum to another. This barrier, known as the activation energy, ∆GU−‡, defines the kinetics of
exchange. The greater the activation energy, the slower the rate of exchange.
Further to this simple representation of folding, it is often the case that there may be numerous inter-
mediates along the folding pathway, as well as alternate low energy conformations that do not possess a
biological function. This kind of landscape is shown in Figure 1.2C, where the unfolded (U) state is capable
of folding either into the folded (F ) state, or a kinetic trap, described here as theM (misfolded) state, which
is thermodynamically stable, but has no biological function, or may even be harmful. This energy landscape
approach to protein folding is the predominant theory used to explain how proteins acquire their tertiary
structure due to their funnel like conformational landscape that guides the protein to its native state [15, 16].
However, the existence of folding chaperones would indicate that this model does not accurately explain how
all proteins fold, as is explained in the following section.
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1.3 Chaperones guide the co and post-translational folding of pro-
teins
A number of biological mechanisms are employed by most cells to moderate protein folding and prevent
access to mis-folded states. Typically in E. coli, after synthesis on the ribosome, the nascent chain comes
into contact with trigger factor (TF) [17] before being released into the cytosol, where other chaperones
such as Hsp70 [18] and the GroEL/ES chaperonin [19] cage are known to play a role in further chaperoning
certain proteins to their fully folded forms.
The GroEL/GroES chaperonin system is often described as a protein folding cage. Various theories have
been employed to explain how this system works, which essentially revolve around ensuring that translated
proteins are able to adopt the correct fold and are prevented from populating undesired minima in the energy
landscape. For example, by encaging the protein, it has been postulated that the cage prevents the unfolded
protein from interacting with other species and forming aggregates. Hence, it is only released after folding is
achieved, and aggregation is no longer possible. This is known as the passive cage model [19, 20]. Alternately,
in the iterative annealing model, the cage has been proposed to be capable of unfolding misfolded proteins
and refolding them in an iterative cycle [21, 22], making it a more active participant in the folding process.
In this case, one can imagine a scenario such as in Figure 1.2C, where the caged protein is not released
when it adopts the M state, but instead is unfolded and refolded again, until the F state is reached, which
then triggers release of the protein. In this way, the polypeptide is deliberately guided down the alternate
pathway, even if the M state is more thermodynamically stable for the isolated protein.
The chaperoning of folding can also occur whilst the protein is being translated. One of the most well
studied chaperones involved in this process is the trigger factor (TF) protein, which forms a complex at the
exit tunnel of the ribosome, allowing it to act as a ‘cradle’ for translating proteins [17, 23–26].
By interacting directly with the nascent peptide as it emerges from the tunnel, this 48 kDa peptide is
known to directly reduce the rate of protein folding on the ribosome, whilst simultaneously shielding it from
unwanted non-native interactions with other species within the cytosol of the cell [27, 28]. Only once a
sufficient length of the peptide has been translated is the trigger factor thought to allow folding to occur
[29]. This has been proposed to be crucial in preventing aggregation of newly translated proteins [30]. The
importance of trigger factor in co-translational folding has been confirmed for maltose binding protein (MBP)
by optical tweezer experiments, where it was shown to stabilise on-pathway folding intermediates [31], and
there are many other examples of the impact of trigger factor upon the folding of partially translated proteins
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at the ribosome exit tunnel [32, 33]. The importance of these and other chaperones for protein folding is
indicative of the notion that a protein often needs some form of guidance within the cell in order to ensure
that it forms the correct fold, which is somewhat opposed to Anfinsen’s dogma [34, 35], which in some forms
states that the primary sequence alone is sufficient for a protein to acquire its native tertiary fold. We intend
to explore further the role that the ribosome might play in chaperoning a protein, given that it is the first
species that a new protein comes into contact with.
A question of exceptional interest in biology is that of the role the ribosome plays in modulating energy
landscapes such as those shown in Figure 1.2C [36–38]. Although it has been demonstrated that the ribosome
plays a role in altering the kinetics and thermodynamics of folding, the precise nature of this role, and its
relevance to protein folding, is not fully understood. A simple means of gaining insight into how the ribosome
affects folding of a protein is to consider how thermodynamic aspects of a chemical exchange process can
be applied to a co-translational environment. For example, considering equation 1.2.5, it is clear that the
presence of the ribosome affects the value of ∆GU−F by altering the energy of either the native or non-native
states, hence immediately affecting the equilibrium. If one can determine the impact that the ribosome has
on the relative populations of folded and unfolded states on the ribosome, this is direct insight into the
impact upon these energies.
Figure 1.3 shows a schematic visualisation of the pathway we are interested in. The coupling between the
acquisition of tertiary structure and translation of a protein leads to a scenario where the conformational space
available to the polypeptide is constantly changing as it emerges from the ribosomal exit tunnel, and certain
misfolded states may also be unavailable as a consequence of the ribosomal environment. By determining
how the exchange equilibrium of folding on the ribosome is affected at multiple points in the translation
process, we obtain a series of snapshots, with altering thermodynamic equilibria being used as a monitor of
the impact of the ribosome on co-translational acquisition of structure. We can then build a picture of how
the landscape of folding is changing as the protein emerges from the tunnel. This constant alteration of the
conformational energy landscape of the protein as it is translated is an aspect of co-translational folding that
must be explored if we are to understand how a polypeptide acquires its structure in a biological context.
18
Translation
Fo
ldi
ng
30S
50S
30S
50S
30S
50S
30S
50S
30S
50S
30S
50S
30S
50S
30S
50S
30S
50S
30S
50S
30S
50S
30S
50S
Figure 1.3: The Coupling of Folding with Translation. Schematic diagram showing the co-translational
acquisition of structure of a nascent polypeptide chain, coupled with its emergence from the ribosomal
tunnel during biosynthesis. The grey line indicates a hypothetical pathway that may be taken by a protein
with comparable folding and translation rates. Under each nascent chain complex is a representation of the
energy landscape from figure 1.2C. The red dot indicates which point of the landscape is occupied by the
nascent chain for that complex, and the straight lines indicate how the ribosome is expected to modulate the
conformational landscape, making certain areas energetically inaccessible. This allows the ribosome to funnel
the translating peptide towards the folded state whilst preventing the population of undesirable, misfolded
states that may be accessible to the unfolded, isolated protein (such as in the top right complex). This figure
was produced using the keynote software that comes installed on the Mac operating system.
1.3.1 The nature of the ribosomal environment
The ribosomal exit tunnel forms the path taken by all proteins after they are formed at the PTC, hence
leading from the core of the complex to the cytosol. It is known to be formed mostly of RNA, with some
small protrusions of ribosomal proteins into the tunnel, namely L4 and L22 [39]. It is useful to consider how
the various properties of this tunnel may influence folding. In a simplistic sense, the ribosome may have an
inhibitory impact on folding purely as a result of sterics, whereby the exit tunnel cannot accomodate tertiary
structure purely because it is too narrow. Simulations have been carried out which explore the steric effects
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of the exit tunnel in some detail [40, 41], suggesting that the ribosome can be considered an inhibitor of
folding at least on steric grounds.
However, one must also consider other properties of the tunnel that contribute to the overall environment.
The tunnel is composed of hydrophobic, hydrophilic, polar, non-polar, positively and negatively charged
regions, and the impact of these upon the behaviour of any translating protein is almost certain to be
complex and computationally challenging. There is however, a large experimental body of information
available describing the structural details of polypeptides within the tunnel. Medium sized proteins have
been shown to be capable of forming tertiary structures near the exit of the ribosomal tunnel [41], and small
protein domains have even been shown to be capable of folding within the tunnel [42]. Interactions between
the translating peptide and the tunnel have been detected or can be inferred from a wide number of studies
[2, 7, 11, 43–45]. Also, with the use of NMR and fluorescence techniques [6] we are able to explore the
dynamic protein outside the exit tunnel, and how it interacts with the ribosome surface. This has revealed
that electrostatic factors play a large role in modulating the dynamic behaviour of nascent chains [3]. The
largely negative surface of the ribosome seems able to attract, and restrict the dynamics of, positively charged
nascent chains, while its repulsive effect on negatively charged proteins causes such species to populate more
dynamic conformations.
The roles played by the interactions between translating proteins and the ribosome vestibule, exit tunnel
or surface are varied. For example, it may be that these interactions modulate the folding landscape of
proteins to guide them towards the correct fold. Another important role might be to control the rate of
translation, allowing regulation of biosynthesis [46], and in some cases inducing translational stalling, allowing
regulation of gene expression [7]. It is therefore very important to understand how these interactions affect
the conformation and translation rate of a protein.
To understand how such interactions may influence the folding behaviour of a protein, simulations by
O’Brien et al. [47] show that when a polypetide is confined within a carbon nanotube, the alpha-helical
content of helix forming peptides is governed not just by steric factors (i.e. tunnel width), but also by the
presence or absence of hydrophobic interactions between the peptide and the wall of the tube. Consider,
for example, the amphiphilic poly-AS sequence studied in [47]. On formation of an α-helix, amphiphilic
peptides display hydrophobicity on one side, and hydrophilicity on the other side of the helical coil. If there
is a tendency for α-helical peptides to adsorb to the surface of the nanotube (or tunnel), this adsorption
will help to enthalpically stabilise the secondary structure as the hydrophobic patch on one side of the helix
binds preferentially to the surface. The simulated carbon nanotube therefore represents just one factor that
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is present within the tunnel, namely a hydrophobic surface which could potentially influence the formation
of helices. This does not suggest that this is the co-translational mechanism of α-helix formation. Rather,
it indicates that the interplay between the physical properties of the translating protein and the immediate
surface of the inside of the ribosome tunnel can strongly influence preferred conformations of the protein.
Other factors, such as electrostatics, will also be simultaneously affecting conformational behaviour, making
the co-translational environment markedly different from the typical in vitro conditions that folding is usually
studied under.
Moreover, the hydrophobic, electrostatic, steric and other factors that influence this folding process are
also undergoing a constant process of changing levels of prominence as the protein translates. Hence, for
every new amino acid, the protein is driven towards a new pseudo-equilibrium state. This indicates that the
exit tunnel cannot be considered merely as a static, inert channel through which the protein emerges with
no significant interactions, but rather, it features a rich range of chemical moieties and dynamic, fluctuating
surfaces that have complex interactions with passing polypeptide chains. One might argue that the impact
of the ribosome on folding is less important because any given protein is only present at the ribosome surface
for a limited time before it is transported elsewhere. If the kinetics of translation are much faster than the
kinetics of folding, then the ribosome may not influence folding to any great degree at all. However, the
rate of translation for an E. coli ribosome is known to be in the range of 12-21 amino acids per second [48].
Hence, each time a new amino acid is added to a translating protein, there is a period of between 50 and
80 milliseconds before the next amino acid is added to the chain. A protein of 100 amino acids would take
approximately 5 to 8 seconds to become fully translated. Since many proteins fold on timescales much faster
than seconds, one can posit that their folding behaviour is meaningfully affected by the ribosome surface.
We now describe the strategies and approaches that can be used to isolate high quality samples of nascent
chain complexes that can be investigated using NMR spectroscopy.
1.4 Strategies for production of nascent chains suitable for NMR
One of the core experimental techniques necessary to this project is the design and production of a nascent
chain sample. This design strategy can be broken down into a number of separate considerations; An
appropriate protein must be identified which promises to yield new information about folding on the ribosome.
As will be discussed below, kinetics is an important consideration here, since inappropriate folding kinetics
can render the protein unobservable by NMR, and hence no information can be obtained. In a similar
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vein, one must also consider whether interactions with the ribosomes might also lead to line-broadening that
renders the protein impossible to observe.
Once a protein has been identified as viable for study, it must be cloned into an expression vector that
allows for homogeneous stalling of expression on the ribosome. This vector typically consists of a cleavable
N-terminal polyhistidine purification tag and the inclusion at the C-terminus of the SecM sequence [11]. This
17 amino acid stretch is known to stall translation by physcially tethering the nascent chain to the inside
of the exit tunnel, thus preventing release from the tRNA [45, 49]. The SecM sequence and the protein
of interest can be separated further by introduction of a linker sequence to probe the effects of increasing
distance between translated protein and the PTC.
RNC samples are notable for their instability, and their low maximum concentration. Typically, ribosome
concentrations above 10 µM rapidly break down, and below this a sample can last for several days if produced
to high purity and kept at low temperatures, (ca. 4 ◦C). However, typical conditions for acquisition of NMR
data often tend to require 25 ◦C, which means some samples only last for a day, or a few hours, before
degradation occurs. The process of sample break down is not fully understood, but it is known that nascent
chain release, aggregation and ribosome decomposition are all contributing factors.
Another problem is the size of the complexes being studied. The majority of the 2.3 MDa ribosome cannot
be observed by NMR due to its large rotational correlation time leading to extremely broad line-widths (see
section 1.6.1). As such, only dynamic regions such as the L7/L12 stalk, with higher local correlation times
than the average observed in the ribosome’s core, can be seen by NMR [50]. Similarly, nascent chains can
be observed by NMR provided they are sufficiently outside the ribosomal tunnel such that their movement
is not restricted. However, in some cases it is still necessary to use sophisticated labelling techniques in
conjunction with TROSY based pulse sequences in order to observe the required signal (see section 1.5 and
1.6.2).
Although rich in information, the low sensitivity of NMR spectroscopy tends to necessitate high sample
concentrations compared with other techniques, typically ranging from 100 µM to several mM for isolated
proteins. Many experiments, such as relaxation measurements, also require long durations of time, even
at these high concentrations, and so they cannot be applied to a nascent chain which has a maximum
concentration of 10 µM and is liable to decompose over the duration of the experiment. Much work has gone
into developing NMR experiments that reduce overall acquisition time [51]. There have also been attempts
to improve the sensitivity of samples by addition of components such as paramagnetic compounds that allow
a greater number of scans to be carried out in a given time frame [52] be reducing longitudinal relaxation
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times.
Another core aspect of the nascent chain production strategy is to ensure that the integrity of the sample
can be preserved and also confirmed for as long as possible. This allows us to be sure that the sample under
investigation actually corresponds to a translation-stalled protein. Once a nascent chain sample has been
purified and is ready for NMR, it is therefore important to constantly monitor its status. The first and most
critical strategy is the western immunoblot. By utilising antibodies for the SecM stalling sequence and the
hexahistidine purification tag (two near-universal features of RNCs), expression of the nascent chain can
be easily confirmed. This strategy is useful because an intact, stalled nascent chain is covalently bound to
the last transfer RNA (tRNA) molecule at the PTC. If the sample has broken down, the nascent chain is
released from the tRNA (of approximately 20 kDa) and this large change in molecular weight is a very simple
monitor of the integrity of the sample (see Section 4.5.4 for experimental examples).
1.5 Isotopic labelling strategies for nascent chains
As well as ensuring the nascent chain sample has been produced to a high level of purity, we must also
ensure that an appropriate isotopic labelling strategy has been employed to ensure that meaningful NMR
data can be obtained from the sample. For the purposes of NMR, it is important to maximise the isotopic
labelling of the nascent chain while minimising labelling of the ribosome background. Ideally, the ribosome
should be completely unlabelled, or labelled with deuterium, an NMR silent nucleus, in order to completely
eliminate background signal. In order to produce such samples, an expression method has been developed
over the years by the Christodoulou lab that allows the selective labelling of a nascent chain with the desired
isotopic components, and this approach has been used in much of the recent work carried out by this lab
[11, 53]. Initially, cells are grown to saturation in a non-inducing medium before transferral to the induction
medium. At this stage, the desired isotopes are added along with the induction agent isopropyl β-D-1-
thiogalactopyranoside (IPTG) and the antibiotic rifampicin. The rifampicin inhibits ribosome growth, a
goal which is also achieved by ensuring that the growth medium is saturated with E. coli. As a result,
ribosome growth is minimised during the period of expression, preventing them from incorporating the
isotopes intended for the nascent chain. This allows us to maximise the NMR observable signal that comes
from the nascent chain (see section 7.5 for further details). What is most important, and we consider this
here, is the choice of which isotopes are introduced into the nascent chain and/or the ribosome in order that
as much information can be obtained as possible about the system.
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The chemical shift of 15N in the amide backbone of a protein chain is strongly dependant upon primary
sequence. Although secondary and tertiary structure also impacts the resonant frequency, this primary
sequence dependance leads to large dispersion of 15N chemical shifts even in a fully unfolded protein. There-
fore, 15N labelling is commonly adopted as a means to investigate unfolded and disordered proteins, since
it increases the possibility of following a single 1H-15N peak from folded to unfolded without interference
from other resonances. For this reason, 15N labelled nascent chains have been effectively used for the study
of α-synuclein, an intrinsically disordered protein [53], as well as the unfolded domain 5 of ddFLN, [11].
However, the acquisition of structure can significantly reduce the rotational correlation time of backbone
amide groups, since a folded protein tends to have a backbone far more rigid than its disordered counterpart.
When this is combined with attachment to a massive body such as the ribosome, the line-broadening that
results typically renders structured 1H-15N signal impossible to observe.
A successful approach to overcome the challenge of observing a structured nascent chain attached to
the ribosome has been found to be the selective 13CH3 labelling of methyl groups of isoleucine, leucine and
valine (ILV) residues against a background of 2H and 12C. By only labelling selected methyls with 1H, one
reduces proton density and hence dipolar relaxation processes. The choice of methyl group is made because
the symmetry of the CH3 moiety means that one observes three protons as though they are a single entity,
giving a stronger signal. This is due to rapid rotation of the methyl group about the C-C bond. We also
observe the methyl TROSY effect with the CH3 moiety; due to cross-correlated relaxation, certain coherences
have narrow linewidths, and these can be selectively observed against coherences with broader linewidths for
the same nucleus. The HMQC pulse sequence, which is used to collect methyl-HMQC spectra, is optimal
for observation of such coherences.
The major drawbacks with this labelling strategy are firstly the monetary cost of sample production,
as the selectively isotope labelled precursors and D2O necessary for sample preparation are very expensive.
Secondly, the poor dispersion of methyl peaks in unfolded states also limits the ability to observe all states
of a folding process simultaneously. In a structured protein, the ILV methyls tend to have unique chemical
shifts with little overlap, but on unfolding, they all collapse to nearly identical chemical shifts in the 1H and
13C dimensions. Therefore, this strategy can only be adopted for structured nascent chains. However, it has
been very successful in providing residue specific details on the structure of folded, ribosome-bound nascent
chains [11].
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1.6 NMR studies of nascent chains and other macromolecular com-
plexes
Described in this section is a summary of NMR studies of large macromolecular complexes carried out in
recent years, as well as specific focus on the NMR of nascent chain complexes. We begin with a discussion of
the problems associated with NMR of macromolecules, using the ribosome as an example of the advantages
and disadvantages of this approach.
1.6.1 NMR of large species
As described in section 1.7.2, the rotational correlation time of a molecule in solution, τc, is strongly related
to its molecular mass. Larger species tumble slowly, leading to a decrease in the transverse relaxation time,
T2. There are 2 main ways in which this problem can be alleviated. One can, for example, focus only on
dynamic regions of large molecules. As well as this, the use of transverse relaxation optimised spectroscopy
(TROSY) is also able to greatly increase the molecular size that can be observed by NMR.
Consider the E. coli ribosome. Initial structural studies on this complex were carried out in 2000 using
x-ray crystallography [54–57], which allowed high resolution structural information to be gained on the
complex. The level of structural detail that was gained for large sections of the ribosome, including the core
and most proteins near the surface, cannot be matched by NMR spectroscopy as the molecular mass of the
ribosome (2.3 MDa) leads to such slow tumbling that relaxation times are exceptionally short. However,
dynamic features of the complex elude characterisation by crystallographic methods. In particular, the
L7/12 stalk of the ribosome cannot be studied on the complex using either crystallography or cryo-electron
microscopy. This extremely dynamic region of the ribosome has such flexibility that it does not occupy
a single homogenous conformation even in a crystal. However, this dynamic behaviour renders it entirely
observable by NMR, as was demonstrated in 2004 [50, 58]. The flexibility of this region leads to a higher
local correlation time than the rest of the ribosome, and thus line-widths are far more narrow than would
be expected for a 2.3 MDa molecule.
The GroEL/ES chaperonin system is another example of an extremely large species that has neverthe-
less been successfully characterised by NMR [59]. In this case, the use of transverse relaxation optimised
spectroscopy (TROSY) based techniques were instrumental in gaining high quality spectra of this 800 kDa
complex. The unparalleled ability of NMR to give dynamic and residue specific information alongside struc-
ture, not to mention its capacity for elucidating structures that cannot be accessed by other techniques (such
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Figure 1.4: Intensity plot of FLN750 RNC residues as a function of domain 6 linker length. Folding of
the FLN750 nascent chain, measured by intensities of 15N amide resonances in blue and isoleucine 13CH3
resonances in cyan as a function of linker length. Also shown in orange is the plot of the extent of PEGylation
of the native Cys747, which is not relevant for discussion here. Figure was taken directly from [11].
as crystallography and cryo-EM), makes it an extremely powerful tool to complement these techniques. Also
demonstrated here is the range of dynamic behaviours exhibited by protein structures. Even macromolecules
in the megadalton range can be studied by NMR, indicating that there must be regions of high local dynamic
behaviour, since NMR spectroscopy is uniquely suited to detecting such regions.
1.6.2 NMR spectroscopy of nascent chains
We now discuss the folding characterisation of some nascent chain complexes, namely domain 5 of the gelation
factor protein from Dictyostelium discoideum, and α-synuclein. The domain 5 (or FLN5) protein constitutes
residues 646 to 750 of the gelation factor, and so, from this point, all references to the FLN domain 5 protein
will term the full protein as domain 5, or FLN750, in order to distinguish it later on from the C-terminally
truncated variant, which lacks 12 amino acids and is referred to as FLN738.
The FLN750 domain has been extensively studied as an isolated protein by NMR, and its structure and
dynamical and folding behaviour is well understood [60]. Over the years, it has also been the subject of very
detailed research as a model nascent chain [1, 11, 12, 14]. We will focus more on the latest publication at
the time of writing [11], because it contains the most relevant information to the topic at hand.
A range of constructs have been developed, with linker lengths ranging in length from +21 to +110,
where +21 indicates 21 amino acids between the PTC and the beginning of the C-terminus of domain 5.
Two isotopic labelling schemes were used to investigate these constructs. A uniform 15N labelling strategy
was utilised to provide maximum dispersion in observing the unfolded domain, and information was gathered
on this sample using a SOFAST-HMQC based pulse sequence [61]. Selective 13C-1H labelling of isoleucine
26
methyls against a 2H-12C background was able to identify the tertiary structure that could be observed at
longer linker lengths, due to the aforementioned favourable relaxation properties of this labelling scheme.
These samples were investigated using a methyl TROSY pulse sequence [62].
Resonance intensities were mapped as a function of linker length, or ∆PTC, in order to make estimates
of the relative population of folded and unfolded states (See Figure 1.4). What is clear from this data is that
as linker length increases, the intensity of unfolded peaks is decreased as the intensity of the folded peaks
increases, suggesting a gradual acquisition of structure during translation. This information could be gained
entirely from a careful evaluation of peak intensity and line-broadening, highlighting the power of the NMR
technique.
The α-syn nascent chain
Where the FLN750 system was an effective probe of folding on the ribosome, studies carried out on α-syn
as it emerges from the ribosome have been instrumental in detailing interactions between disordered peptide
and ribosome surface, as well as the chaperone, trigger factor. We will briefly discuss results from the work
by Deckert et al. to illustrate this point [53].
NMR experiments on isolated α-syn in the presence of 70S ribosomes have revealed line-broadening in
1H-15N HSQC/HMQC peak intensities, indicative of an interaction between the isolated IDP and the 70S
complex. Since α-syn is a disordered protein, this was an opportunity to probe the nature of interactions
between a nascent polypeptide and the ribosome, since NMR observations of the α-syn nascent chain can
be attributed to interactions, as opposed to folding events.
Hence, the α-syn nascent chain was produced with uniform 15N labelling against an unlabelled ribosome
background in an analogous manner to FLN750. However there was no linker between the SecM and the
nascent peptide. Instead of varying linker length, charge mutations were inserted into the wild type, in order
to evaluate the impact of electrostatics. It was found that introduction of reverse charge mutations, replacing
positive with negatively charged residues, leads to increased amide peak intensity, reflecting the increased
dynamic behaviour of the nascent chain, as it became repelled to a greater extent by the negatively charged
ribosome surface.
Further experiments also found that trigger factor binds to the protruding α-syn sequence whilst it is
attached to the ribosome, indicating that it plays a role in chaperoning the unfolded protein as it emerges
into the cellular milieu. This displays the power of NMR in providing a great level of structural and dynamic
detail on a complex molecular process.
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Figure 1.5: Timescale range NMR techniques for study of protein dynamics. Protein dynamics cover a very
broad range of timescales from femtoseconds to seconds, all of which enable biological function in some form.
As such, the ability of NMR to study a broad range of dynamic timescales makes it an extremely valuable
tool. Figure copied directly from [66].
In the following section, we will describe some key background aspects to the use of NMR as a biophysical
technique for the study of protein structure, dynamics and folding.
1.7 NMR background
1.7.1 Using NMR to Study Dynamic Systems and Chemical Exchange
Much of the theory described in this section is described in great detail in the book by Cavanagh et al.
[63]. NMR spectroscopy can be used to study a broad range of dynamic time scales, from picosescond to
millisecond and greater, given appropriate sets of conditions with suitable pulse sequences. Figure 1.5 shows
the range of timescales accessible to various NMR experiments [64]. While this range is ostensibly very
broad, there are caveats for each timescale. For example, CPMG relaxation dispersion techniques can be
used to investigate dynamic processes on a millisecond timescale [65], however they typically require high
concentrations and large amounts of time, due to the insensitivity of these types of experiments.
In the context of studying a large macromolecular complex of limited stability, such as an RNC, this puts
many limitations upon the available experiments. Even with the labelling strategies mentioned in section
1.5, we can only reliably record 1D, 2D SOFAST and diffusion experiments. Relaxation experiments, NOEs,
and more advanced 2D or 3D spectra all take so much time that sample breakdown over the course of
acquisition would render the information gained from such experiments unreliable, and even then the signal
gained from such low concentrations would be very weak. As well as limitations due to experimental time,
chemical exchange processes can sometimes affect the appearance of NMR spectra in a way that renders the
extraction of useful information extremely challenging, or impossible. To illustrate this point, we describe
below how chemical exchange processes can affect the appearance of NMR peaks in a typical spectrum.
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Consider a nucleus undergoing exchange between two chemical environments, A and B,
A
kAB

kBA
B (1.7.1)
where kAB and kBA are the rates of the forward and reverse processes, respectively. The overall exchange
rate, kex, is given by
kex = kAB + kBA. (1.7.2)
The larmor frequency ν (s−1) of the spin in the A state in the presence of a magnetic field of strength BA
is given by
νA =
γB0
2pi
(
1− 10−6δA
)
(1.7.3)
where γ is the gyromagnetic ratio of the nucleus. The difference in Larmor frequency between the two
exchanging states is
∆ν = νA − νB . (1.7.4)
The chemical shift (δ) is related to the Larmor frequency by the following equation;
δ = 106 × ν − νref
νref
(1.7.5)
where νref is a predetermined reference frequency. For biological samples, the reference compound is typically
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).
The frequency of a peak can be represented as the angular frequency, ω, the Larmor frequency, ν, or the
chemical shift, δ. Their definitions relative to each other are given thus;
ω = 2piν (1.7.6)
δ = 106 × ν − νref
νref
(1.7.7)
We now consider the difference in angular frequency when compared against kex. This determines the
exchange regime, and hence the appearance of an NMR spectrum. Using this model, we can describe three
major scenarios of slow, fast and intermediate exchange, described below;
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Figure 1.6: Appearance of 1D NMR spectra for a species in chemical exchange under different exchange
regimes. Representation of the appearance of 1D NMR spectra for a precessing spin undergoing exchange
according to equation 1.7.1, with the kex:∆ω ratio gradually increasing fromA to F. One observes a transition
from slow exchange, through intermediate and into fast exchange, with the corresponding change in spectral
lineshape. A: kex∆ω =
1
350 ≈ 0.003 B: kex∆ω = 100350 ≈ 0.286 C: kex∆ω = 500350 ≈ 1.429 D: kex∆ω = 1000350 ≈
2.857 E: kex∆ω =
104
350 ≈ 28.57 F: kex∆ω = 10
5
350 ≈ 285.7.
Figure was produced using a matlab script to simulate and plot spectra [67]. The method used to simulate
the spectra is similar to that shown in Appendix A.
kex  ∆ω slow exchange (1.7.8a)
kex ≈ ∆ω intermediate exchange (1.7.8b)
kex  ∆ω fast exchange (1.7.8c)
These scenarios all give rise to very different spectra, as outlined in Figure 1.6. In slow exchange, one
observes two individual peaks at the larmor frequency of A and B, and their relative populations are given
by the ratio of the peak height. In fast exchange, one observes a single peak, and the precise frequency
at which this peak occurs, weighted to the frequency of the pure A and B states, determines the position
of equilibrium. Intermediate exchange gives rise to a combination of line-broadening and change in peak
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Figure 1.7: 1H-15N HSQC spectra of the Trp-cage protein at incremental temperatures. The smooth transition
in peak chemical shifts is a clear sign of fast exchange on the chemical shift timescale. Figure obtained directly
from Rovo et al., [68].
position, and this can be problematic, as the more complex lineshape that arises can be more difficult to
analyse without appropriate theoretical treatment. As well as this, peak intensity is lowest in the mid-range
of the exchange process, which is often where the most interesting and useful information lies about the
system being investigated. Hence, if the signal is too weak to be observed above the noise, it is difficult to
meaningfully analyse this kind of exchange regime.
A practical example of fast exchange is given in Figure 1.7, (obtained from [68]), showing 1H-15N and
1H-13C correlation spectra of the Trp-cage miniprotein at various temperatures. The Trp-cage is a 20 residue
peptide with a folding time, τf of approximately 4 µs, or a folding rate kf of 2.5×105 s−1 [69] at 22.7 ◦C. In
this case, one can see that as the protein was denatured by heating from 4 to 54 ◦C, the HSQC cross-peaks
smoothly alter their position, indicating a gradual increase in the population of the denatured state at higher
temperature. In this case, the A and B states of equation 1.7.1 correspond to the fully folded and disordered
protein, respectively.
1.7.2 Longitudinal and transverse relaxation
Consider a nucleus held in a magnetic field B0, which is thus aligned parallel with this magnetic field along
the z axis. Application of a radiofrequency (RF) pulse to this nucleus in the xy plane will rotate this
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alignment. If the correct power and duration of pulse is used, then the alignment can be rotated 90◦, placing
the magnetisation in the xy, or transverse, plane. The spin then precesses about the z-axis, whilst returning
the equilibrium state of magnetisation, aligned again with the B0 field.
Longitudinal relaxation is the return of magnetisation to the z axis after perturbation of magnetisation.
The rate of this relaxation, R1 (or relaxation time T1), is defined by equation 1.7.9;
Mz(t) = Mz,eq − [Mz,eq −Mz(0)] exp−R1t (1.7.9)
where Mz(t) is the longitudinal magnetisation at time t, Mz(0) is the magnetisation at time 0 (immediately
after the pulse), and Mz,eq is longitudinal magnetisation at thermodynamic equilibrium.
Transverse relaxation is the loss of magnetisation from the transverse plane immediately after the ra-
diofrequency pulse, and has a rate defined as R2 (or relaxation time T2);
Mxy(t) = Mxy(0) exp−R2t. (1.7.10)
As well as the natural propensity of the system to return to equilibrium, there is another factor that con-
tributes to transverse relaxation, namely, the inhomogeneity of chemical shifts. As different spins precess at
slightly different frequencies in the transverse plane, they move away from each other, eventually becoming
distributed entirely about the transverse plane. At this, point, as their respective magnetisations point in
opposite directions, the net magnetisation is close to zero, even though the overall magnetisation is still in
the xy plane. Rapid transverse relaxation manifests itself in NMR spectra as broad lines. The faster the
relaxation rate, the broader the line-width. It is also the case that larger molecules experience more rapid
transverse relaxation as a result of their slower rotational correlation time, τc. Since the chemical shift of
a particular nucleus depends upon its orientation in the magnetic field, at any point in time the chemical
shift of all the nuclei in a specific position in a molecule has a broad range of values. If the molecules are
tumbling rapidly, these frequencies collapse into a narrow, time averaged frequency. However, if tumbling
is slow, the different range of precessional frequencies contributes to the transverse relaxation rate, and the
lines become broader.
1.8 NMR experiments used in the present report
We now describe the NMR experiments used in the present report.
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BEST sequence for collecting assignments
The Band-selective Excitation Short Transient (BEST) method is designed for the rapid acquisition of
high quality multidimensional spectra such as is used for assignments. It is useful for low concentration
samples, or in the case where one has limited time in which to collect a set of spectra in which to carry
out an assignment. It works by using band-selective pulses to only excite the protons of interest (such as
backbone amide protons). This prevents excitation of 1H nuclei outside the selected frequency range, the
main consequence of this being that these unperturbed spins cause rapid dipolar relaxation of the perturbed
spins. The increase in the overall longitudinal relaxation rate R1 (relaxation time T1) allows for short
repetition delays, allowing more spectra to be collected in a given time frame [70, 71].
Measurement of longitudinal relaxation (T1) by inversion recovery
A typical means of measuring longitudinal (T1) relaxation is to excite the spin of interest with a 180◦ pulse.
For a sample at equilibrium, this aligns magnetisation directly against the applied magnetic field, and is
described as being in the -z axis, whereupon it begins to relax back to +z at the rate R1 (= 1T1 ) . After
a delay, t, the sample is then irradiated with a 90◦ pulse and the remaining signal observed. This signal
depends upon the delay t according to equation 1.7.9. Hence, with an appropriate range of values of t, and
curve can be produced, and standard curve fitting procedures can yield the value for T1 [63].
Measurement of transverse relaxation T2 by spin-echo or CPMG
To measure the transverse relaxation rate, one must first generate transverse magnetisation using a standard
90◦ pulse. The transverse signal begins to relax due to inhomogeneity of chemical shifts, and also due to
inhomogeneities in the magnetic field. These magnetic field inhomogeneities increase the rate of loss of
transverse signal, such that the observed relaxation rate is faster than the true relaxation rate. However, by
application of a 180◦ pulse after a time t2 , all of the spins in the transverse plane are flipped and begin to
refocus, cancelling the effect of the inhomogeneous magnetic field. After a time t2 after the refocussing pulse,
the spins are completely refocussed and the signal that is detected at this point depends upon the time t
according to equation 1.7.10. The short pulse sequence t2 -180-
t
2 is referred to as a spin-echo, or refocussing
pulse.
If conformational exchange occurs in the molecule being investigated during the time spine-echo, this
can also lead to inaccuracies in the measured T2. The Carr-Purcell-Meiboom-Gill (CPMG) spin-echo pulse
train avoids this problem by repeating the t2 -180-
t
2 pulse multiple times in succession, allowing the effects of
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conformational exchange to average out so that the average T2 of a given nucleus is precisely obtained [63].
Pulsed gradient spin-echo (PGSE) diffusion
To monitor diffusion by NMR, magnetic field gradient pulses are often used. By changing the strength of
the magnetic field linearly along the NMR tube (for example, high strength at the top of the tube, and
low strength at the bottom), the Larmor frequency of nuclei (in the transverse plane) at different locations
in the tube is also altered. This causes a ‘corkscrew’ effect where nuclei at the top of the sample rotate
about the transverse plane more rapidly. Switching the gradient off at this point causes the spins in the
sample to remain in this corkscrew. Assuming no translational diffusion, application of an inverted gradient
of equal and opposite magnitude for an equal amount of time will directly reverse this corkscrew effect with
no overall effect on the resulting signal. The gradient and inverted gradient pulses are known as encoding
and decoding pulses, respectively. However, during the delay between the encoding and decoding pulses,
translational diffusion is bound to occur, such that nuclei near the top of the sample, which were given a
strong increase in magnetic field, will move lower down, and vice versa. This ‘scrambles’ the corkscrew, and
application of the decoding pulse will now yield less signal than would have been observed if no diffusion
had taken place. Hence, the rate of diffusion of species in a sample can be measured, by recording multiple
spectra and altering the amount of time between the encoding and decoding pulses, as well as the overall
strength and duration of the gradient pulses themselves [72].
Heteronuclear SORDID diffusion
Although diffusion is a powerful and crucial tool for the monitoring of sample size, it is relatively insensitive
and dependant on the recovery time between scans. The Signal Optimisation with Recovery in Diffusion
Delays (SORDID) method is a means of reducing the time taken for a single measurement to be made.
In SORDID, diffusion is monitored during the recovery time between two consecutive scans, whereas in
standard heteronuclear diffusion experiments, the recovery time occurs after the diffusion monitoring. This
effectively halves the amount of time required for a single measurement. This approach is best when trying
to measure small diffusion coefficients (of large molecules, for example) of 13C or 15N enriched samples [51].
SOFAST HMQC
The band-Selective Optimised Flip-Angle Short-Transient (SOFAST) HMQC experiment relies on enhanced
1H longitudinal relaxation that is induced by selective excitation only of the spins we wish to observe (amide
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protons, for example). This results in many unperturbed protons throughout the duration of the experiment
that act as effective sinks for dipolar relaxation, allowing magnetisation to return to equilibrium at a much
greater rate, hence increasing the number of experiments that can be collected in a given amount of time.
This is extremely useful for large systems, where many scans are needed in order to obtain good quality
signal [73].
TROSY NMR
For extremely large systems, such as described in section 1.6.1, conventional decoupled 2-dimensional spectra
are inadequate for the collection of high resolution spectra. For a typical, decoupled 1H-15N HSQC/HMQC,
one observes a single peak, which is composite of the four peaks in the multiplet that is observed in a
non-decoupled spectrum. As a protein increases in size, the larger correlation time τc causes these multiplet
peaks to have differential linewidths. Some remain relatively narrow, whilst others become extremely broad.
In the decoupled spectrum, the broad peaks are added to the narrow peaks, leading to an overall increase
in linewidth to the point that the signal is too broad to be observed. However, the narrow components
of the multiplet peaks can be selectively observed using phase cycling sequences, eliminating the broad
signal entirely. This ultimately leads to a much sharper linewidth by collecting non-decoupled spectra and
selectively observing narrow multiplet peaks [74, 75].
1.8.1 The Bloch-McConnell equations and chemical exchange
Describing the rate of change in magnetisation as a function of time in terms of a matrix allows the devel-
opment of a general method for breaking down and quantifying the various contributions to magnetisation
present in a sample.
The Bloch equations [76] describe how magnetisation changes as a function of Larmor frequency and
relaxation rate. They can be described in matrix form as given below;
d
dt

Eˆ
Mˆz
Mˆ+
Mˆ−

=

R1Mˆz0 −R1
iω −R2
−iω −R2


Eˆ
Mˆz
Mˆ+
Mˆ−

(1.8.1)
We are interested in the transverse component of two or more species, A and B (and C), undergoing chemical
exchange (equation 1.7.1). If we describe the observed transverse magnetisation as (Mˆ+) as Mˆ+ = Mˆx+iMˆy,
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then the Bloch equations for free precession of two exchanging species A and B (not accounting for exchange
kinetics) can be written thus;
d
dt
Mˆ+A
Mˆ+B
 =
−R2,A + iωA
−R2,B + iωB

Mˆ+A
Mˆ+B
 (1.8.2)
We can generate the Bloch-McConnell equations from this by accounting for the kinetics of chemical exchange
between A and B, giving;
d
dt
Mˆ+A
Mˆ+B
 =
−R2,A + iωA − kAB kBA
kAB −R2,B + iωB − kBA

Mˆ+A
Mˆ+B
 . (1.8.3)
This can be written in more efficient notation as;
d
−→
M
dt
=
[
iωˆ − Rˆ + kˆ
]−→
M (1.8.4)
Where iωˆ, Rˆ and kˆ are the frequency, relaxation and exchange matrices, respectively, and
−→
M is the mag-
netisation vector
[
Mˆ+A
Mˆ+B
]
.
Using this approach allows us to consider various contributions to magnetisation such as transverse
relaxation, kinetics and thermodynamics, in a rigorous manner, and this will be useful at later stages in the
work presented herein.
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Chapter 2
A Novel Approach for the Study of
Nascent Chains by NMR Spectroscopy:
Design of a New Nascent Chain System
2.1 Fast exchange vs slow exchange
We wish to consider the relative merits of fast exchange against slow exchange in the specific context of
studying the co-translational folding of nascent chains by NMR spectroscopy. In order to present such
arguments, we first recall the fundamental aspects of how chemical exchange affects the NMR spectra of a
protein in a two-state equilibrium between folded and unfolded. We hence consider a precessing nucleus in
exchange between two environments, U and F , with forward and reverse reaction rates kUF and kFU .
U
kUF

kFU
F (2.1.1)
By comparing the exchange rate kex (= kUF + kFU ) with the difference in larmor frequency (∆ν) of the two
states,
∆ν = |νU − νF | (2.1.2)
we can define the exchange regime into one of three classes, namely slow, intermediate, or fast, as described
in equation 1.7.8. These give rise to very different spectra, which must be analysed appropriately according
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to the regime they are in. In fast exchange, for a given population distribution of U and F (in molar fractions
pU and pF ), one only observes a single peak, whose observed frequency (νobs) relative to the frequency of
the U and F states (νU and νF ) is a direct measure of pU and pF .
νobs = pUνU + pF νF (2.1.3)
In slow exchange, it is the relative peak heights that contain the information on the population distribution;
pU =
IU
IU + IF
(2.1.4)
where IU and IF are the heights of the resonance peaks corresponding to U and F , respectively. One
must be careful with this kind of analysis however, since the intermediate exchange regime lends itself to
neither of these two analyses, and inappropriate use of either equation 2.1.3 or 2.1.4 can lead to large
errors in population determinations. This then necessitates that the spectra be analysed by solving the
Bloch-McConnell equations [77] to fit to the complex lineshapes that can arise [78, 79].
2.2 Chemical exchange on the ribosome
We recall the case of a 15N labelled translation stalled nascent chain in a wholly unfolded conformation, such
as is found when the FLN750 domain is stalled 21 amino acids from the PTC (see section 1.6.2). In this case,
the extra conformational freedom of the unfolded state leads to a reduced local correlation time relative to
the rest of the ribosome, leading to sharper resonances that can be observed by NMR. Since nitrogen has a
relatively wide chemical shift dispersion even in the unfolded state, this allows resolution of 1H-15N HSQC
crosspeaks, allowing characterisation of the unfolded, ribosome-bound state (U).
On the other hand, stalling of the folded state (F ) on the ribosome (such as the dom5 +110 RNC) does
not produce observable 15N signal due to greater line-broadening in the conformationally restricted folded
state. To observe the folded state, one can utilise specific 1H-13C labelling of isoleucine, leucine, or valine
(ILV) methyl group side chains against an NMR-silent 2H-12C background. This gives rise to more intense,
sharper spectral lines for large proteins due to the favourable relaxation properties of the methyl group, and
utilisation of the methyl TROSY effect [75]. The enhanced sensitivity provided with this labelling strategy
has allowed the natively structured protein to be observed on the ribosome [12]. However, methyl side chains
have a very narrow chemical shift dispersion for unfolded proteins, and so even though the unstructured state
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can also be observed with this method, the severe overlapping of crosspeaks precludes its characterisation.
Consider then a translationally stalled system in exchange between U and F (for example, domain 5
RNCs at linker lengths in the range of 40 amino acids have been seen to adopt this behaviour). In the
case of domain 5, which folds on the millisecond timescale, this leads to a slow exchange regime where peak
intensity should correspond to the population of U and F . But, since one can only observe either the folded
or unfolded state within a single experiment (according to the labelling strategy), one can only determine
relative populations using a simplified variant of equation 2.1.4;
pU =
IU,obs
IU,ref
(2.2.1a)
pF =
IF,obs
IF,ref
(2.2.1b)
where IU,ref and IF,ref are intensities obtained from a control spectrum pertaining to the fully unfolded or
folded protein. This can be a mixture of ribosomes and domain 5 (or an unfolded domain 5 mutant) at 1:1
molar ratios, or a nascent chain where the stalled protein is known to be 100 % folded or unfolded. Clearly,
this necessity for a highly controlled reference sample is problematic, since errors in concentration measure-
ments, and uncertainty regarding nascent chain occupancy and labelling efficiency, leads to large errors in
the population measurements. Furthermore, differential relaxation as the nascent chain moves further from
the exit tunnel impacts upon linewidth, and hence intensity, further compounding this uncertainty. Finally,
nascent chains suffer from inherently weak signal due to the limiting ribosome concentration of 10 µM, and
their limited stability precludes signal improvement by simply recording spectra for a long duration of time.
Hence, signal to noise ratios are usually weak, such that even if errors can be minimised with respect to
knowledge of sample concentration, there is still an inherent uncertainty originating in the weakness of the
signal itself.
Consider instead a system in fast exchange on the chemical shift timescale. This regime benefits greatly
from the fact that the population distribution now alters peak position (equation 2.1.3) as opposed to peak
height (equation 2.1.4). Measurements of frequency benefit by having less dependence upon the signal level
in a sample. Hence, even at low signal to noise, frequency determination remains accurate, eliminating all
errors associated with concentration and occupancy measurements. Differential relaxation as a function of
chain length also has little effect on error, since relaxation should not affect peak position.
In order to verify the hypothesis that fast exchanging systems are beneficial for the study of nascent chains
by NMR, we describe in the next section a series of lineshape simulations of differing exchange regimes for
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a system in chemical exchange between two states.
2.3 Evaluation of Slow and Fast Exchange Regimes via Lineshape
Simulations
Simulations were carried out to replicate a precessing nucleus in exchange between two states U and F as
described in equation 2.1.1. The simulations were carried out in matlab using a specifically designed script.
The full script used for the simulation and plotting of data is provided in Appendix A.
The change in magnetisation over time for our system can be described as the time derivative of the
following Bloch-McConnell matrix;
d
dt
M+U (t)
M+F (t)
 =
−(R2U − iωU )− kexpF kex(1− pF )
kexpF −(R2F − iωF ) + kex(pF − 1)
 ·
M+U (t)
M+F (t)
 (2.3.1)
which can be expressed in a simplified form as
d
→
M(t)
dt
= A ·
→
M(t) (2.3.2)
the solution to which is the matrix exponential.
→
M(t) = eAt
→
M(0) (2.3.3)
To generate a spectrum, the expression in equation 2.3.3 was put into matlab as a matrix, with chosen
values for each variable (R2, kex, etc), and the value of the matrix was numerically evaluated for a range
values t from 0 to 205 ms in increments of 0.2 ms. This generated a simulated free induction decay (FID),
which was then treated as a real, time domain NMR signal. To simulate realistic experimental conditions,
the signal was modified by inclusion of additive white gaussian noise such that the FID closely resembled real
data. This was performed using the ‘awgn’ Matlab function. White gaussian noise was chosen as it represents
the noise that always arises from stochastic processes in a sample, such as thermal noise. Although other
sources of noise could also have been considered, such as phase noise, we chose in this case to investigate the
simplest case of stochastic noise.
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After the addition of noise, an apodisation window function (apod) was applied,
apod = cos2
(
max(t)pi
2t
)
(2.3.4)
since this was found to yield slightly sharper linewidths. Application of a complex Fourier transform (Matlab
function fft) then yielded the frequency domain NMR signal. The apodisation window function is an optional
addition to the simulation.
Simulation parameters
Parameters such as chemical shifts and transverse relaxation were carefully selected to reflect the behaviour of
the two main types of nucleus that are commonly detected in RNC NMR studies. Namely, backbone amide
protons and methyl side chain protons of ILV residues (note that methyl protons are typically measured
against a deuterated background).
Two sets of relaxation rates were chosen to correspond to these scenarios. Methyl protons have been
observed to have relaxation rates of approximately 50 s−1 in the folded, ribosome bound state, while in the
unstructured form this is difficult to measure due to significant peak overlap, although it can be estimated to
be 25 s−1 based on observations of amide protons. In the unfolded state, an R2 for amide protons of 25 s−1
is typically observed [11, 14], though this tends to vary. Since the structured state on the ribosome cannot
be observed via amide protons, this was estimated to be 300 s−1, as this is the minimum value required to
generate extremely broad signal. However, since this signal cannot be observed, it could be much greater
than 300 s−1.
For each nucleus, νF was set to 350 Hz and νU was 0 Hz. At 700 MHz, this would represent a ∆δF−U of
-0.5 ppm. Spectra were then generated as described above, using two different exchange regimes, kex = 10
and 105 s−1. For each exchange regime, pF was incremented from 0 to 1 in increments of 0.1.
Hence, if we consider a single experiment as a titration where spectra are recorded for different fractional
populations of U and F (by addition of a chaotrope, for example), then a total of 4 experiments were
simulated, namely methyl and amide proton spectra for systems in slow and fast exchange. These simulations
were then repeated at 8 different noise levels, bringing the total number of experiments to 32. The simulation
results are summarised in Figures 2.1 to 2.4.
To determine the maximum signal to noise ratio per experiment, the maximum height of the sharp peak
(peak U) at a population of 100 % was measured relative to the standard deviation of noise in the spectrum,
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leading to approximate signal to noise ratios of 4, 7, 13, 21, 46, 71, 130 and 245 for the titrations. The true
value of these ratios varies for different values of pF , as peak heights change. The noise levels as given are
described in the remainder of this section as noise level A, B, C, D, E, F, G and H, respectively, reflecting
the representation in Figures 2.1 to 2.4.
The spectra were then treated to a simple population analysis according to whether they were in fast or
slow exchange, using equations 2.1.3 and 2.2.1, respectively. In slow exchange, the intensity of the unfolded
peak was measured as a function of pF for the amide proton simulations, and the folded peak intensity
was measured in the case of methyl protons, reflecting the fact that the other peaks cannot be observed
experimentally. Uncertainty in peak height was calculated using the standard deviation of the noise level in
each spectrum to determine the relative error.
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Figure 2.1: Simulated spectral lines for methyl protons in slow exchange, and extraction of pF values with associated error. A1-H1 Simulated
spectra, with incremental amounts of noise from A to H. A1 and A2 represent the spectra (A1) and corresponding plot (A2) of true vs
observed values for the fraction of F, pF for the highest signal to noise ratio, while H1 and H2 represent the lowest signal to noise ratio. The
numbers shown in brackets above A2 to H2 represent the coefficient of determination, R2 between the observed and true value for pF for the
corresponding plot. Taking this value along with the observed error in measurement of pF values allows for an evaluation of the relative quality
of each individual fit. Populations were determined using equation 2.2.1.
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Figure 2.2: Simulated spectral lines for methyl protons in fast exchange, and extraction of pF values with associated error. A1-H1 Simulated
spectra, with incremental amounts of noise from A to H. A1 and A2 represent the spectra (A1) and corresponding plot (A2) of true vs
observed values for the fraction of F, pF for the highest signal to noise ratio, while H1 and H2 represent the lowest signal to noise ratio. The
numbers shown in brackets above A2 to H2 represent the coefficient of determination, R2 between the observed and true value for pF for the
corresponding plot. Taking this value along with the observed error in measurement of pF values allows for an evaluation of the relative quality
of each individual fit. Populations were determined using equation 2.1.3.
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Figure 2.3: Simulated spectral lines for amide protons in slow exchange, and extraction of pF values with associated error. A1-H1 Simulated
spectra, with incremental amounts of noise from A to H. A1 and A2 represent the spectra (A1) and corresponding plot (A2) of true vs
observed values for the fraction of F, pF for the highest signal to noise ratio, while H1 and H2 represent the lowest signal to noise ratio. The
numbers shown in brackets above A2 to H2 represent the coefficient of determination, R2 between the observed and true value for pF for the
corresponding plot. Taking this value along with the observed error in measurement of pF values allows for an evaluation of the relative quality
of each individual fit. Populations were determined using equation 2.2.1.
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Figure 2.4: Simulated spectral lines for amide protons in fast exchange, and extraction of pF values with associated error. A1-H1 Simulated
spectra, with incremental amounts of noise from A to H. A1 and A2 represent the spectra (A1) and corresponding plot (A2) of true vs
observed values for the fraction of F, pF for the highest signal to noise ratio, while H1 and H2 represent the lowest signal to noise ratio. The
numbers shown in brackets above A2 to H2 represent the coefficient of determination, R2 between the observed and true value for pF for the
corresponding plot. Taking this value along with the observed error in measurement of pF values allows for an evaluation of the relative quality
of each individual fit. Populations were determined using equation 2.1.3.
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In the case of fast exchange, the frequency of the maximum point in the spectrum was recorded at all
values of pF . To determine uncertainty, the simulations were repeated twenty times, and the maximum value
was recorded in each case. The introduction of random noise altered the observed peak maximum for each
repetition, and the standard deviation of this gave the uncertainty in the measured frequency of the peak
(see section 7.12 for error propagation techniques). R2 correlation coefficients were also determined
The results of this analysis at the various noise levels is summarised in Figures 2.1, 2.2, 2.3 and 2.4.
Combining the R2 values with the error bars on each plot allows comparisons to be made regarding the
accuracy and precision between the fast and slow exchange regimes for the two types of nuclei. Consider
the methyl proton simulations (Figures 2.1 and 2.2). It is clear that for fast exchange, the R2 value remains
high even at very low signal to noise values, whilst for slow exchange the coefficient begins to steadily drop
in value (compare plots C2 to G2 in both sets of figures). It is also clear that the error in pF becomes
restrictively high in the case of slow exchange whilst the same noise level in fast exchange has little impact
upon the error (consider plots E2 and F2 of Figures 2.1 and 2.2).
Alternatively, the amide proton simulations show a different pattern of behaviour. Considering plots D2
of Figures 2.3 and 2.4, we see that in slow exchange there is a strong R2 value of 0.980 and an error in
the measured pF value that is small enough for a clear shift in population to be observed, whilst in fast
exchange, the R2 value is notably weaker (0.825), and the error bars are unreliable. Plots E2 through to H2
then show a rapid decline in quality of fit for both regimes, with very large error bars in the case of slow
exchange (poor quality precision), and low R2 values in the case of fast exchange (poor quality accuracy).
The inaccuracies observed for the amide proton fast exchange spectra can be attributed to the severe
broadening observed in the folded state. This makes measurement of the peak position very difficult as the
signal is so close to the baseline. Therefore, although it seems clear that the fast exchange regime provides
a clear advantage in the case of relatively slow relaxing species such as methyl protons against a deuterated
background, when relaxation rates become too high, this advantage is less clear. Nevertheless, the superiority
observed in the case of the methyl proton simulations acts as an important initial proof of principle that fast
exchanging systems can provide detailed information on populations at low signal to noise.
It is important to also consider how these plots represent what is observed for real nascent chains.
Consideration of in-lab data acquired over the years for many systems suggests that a high quality nascent
chain sample with appropriate controls would have signal to noise values that appear similar to what is
observed in plots D1-2 and E1-2 of Figures 2.1 to 2.4. Clearly, in the case of methyl protons, fast exchange
displays a huge advantage over slow exchange, but for amide protons this is perhaps not so clearly the case.
47
These simulations do not take into account the possibility that relaxation can change as a function of
chain length for both the folded and unfolded states, thus introducing a separate component that affects
the intensity of a resonance. Also not considered were uncertainties regarding concentrations and occupancy
measurements, which would further affect intensities, but not chemical shifts.
Hence, the major complementary argument to consider alongside the simulations is that experimental
conditions introduce inherent uncertainties into a sample, such as concentration and occupancy, which corre-
spondingly leads to large uncertainties in peak intensity. Peak positions, however, are not affected by these
factors, and so properties of the system that impact upon observed chemical shifts can be more reliably
quantified, even in the case where concentration or occupancy is unknown. It must be noted however, that
this superiority is dependent to a large extent on the ability to record νU and νF to high accuracy in isolated
systems. This assumption is reasonable provided that the folded and unfolded states can be observed in
solution under conditions as similar as possible to those of the nascent chain.
2.4 Chapter summary
To summarise, we have shown how consideration of the physical properties of a particular peptide, namely
the folding exchange rate, is an important step in appropriate choice of a nascent chain system. Some fast
folding proteins have been studied co-translationally in the literature, such as in the work by Marino et al.
[42]. However, the fast exchange regime has not been exploited for these peptides by NMR, and therefore we
wish to explore the potential this approach has for providing detailed structural information about folding
on the ribosome. We now discuss approaches towards identifying the fast folding protein candidates that
will be used to achieve this goal.
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Chapter 3
Identification of Fast Folding Proteins
and Subsequent Folding Characterisation
Due to the considerations of fast exchange against slow exchange, it was decided to design and develop a
complementary system to the FLN750 RNC, comprising a protein that folds extremely fast on its chemical
shift timescale. To this end, a literature survey was carried out to determine fast-folding candidates. Some
of the proteins identified are shown in Table 3.1. Bearing in mind that the ribosome can reduce folding rates
of some nascent chains (such as T4 lysozyme [2]), proteins with ‘ultrafast’ folding rates (approaching the
microsecond timescale) were preferred.
To evaluate whether a given exchange rate would yield the fast exchange phenomenon, the literature
determined folding rates were compared against a ∆δ of 1 ppm at 700 MHz. This is an estimate of the
typical chemical shift difference between folded and unfolded states for an amide proton. To qualify as fast
exchange with minimal chances of entering the intermediate exchange regime, it was decided that the folding
rate should be at least two orders of magnitude greater than the frequency difference between the folded
and unfolded states, ∆ω. A number of the options in table 3.1 have folding rates that are two orders of
magnitude greater than ∆ω, making them particularly promising.
Of the proteins identified in Table 3.1, two were subjected to more detailed investigation. Namely, the
HP35 villin headpiece and the GA module. They are characterised by having very rapid folding times,
and also have established characterisations of their folding kinetics and thermodynamics in the literature.
Although there were numerous candidates to choose from, these peptides represented promising kinetics as
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Protein PDB code Length Size / kDa τf / µs Temp / ◦C
kf
a
∆ω Reference
Engrailed Homeodomain 1ENH 54 6.6 26 25 9 [80]
Trp-cage 1L2Y 20 2.2 4.0 22.7 57 [69]
Trp2-cage ∼ 20 2.3 1.0 22.7 227 [81]
GA module 1PRB 47 5.9 1.0 94.5 227 [82]
α3D 2A3D 73 8.1 3.2 50 71 [83]
HP-35 Villin Headpiece domain 1YRF 35 4.1 0.7 27 325 [84]
B-domain of protein A 1BDD 60 6.8 10 - 23 [85]b
WW domain 1I6C 24 3.0 78 41.7 2.9 [86]
a Calculated at 700 MHz and assuming a ∆δ of 1 ppm (i.e., ∆ν = 700 Hz, ∆ω = 4398 s−1).
b Data given is for the Y15W mutant.
Table 3.1: List of proteins with fast folding kinetics. The folding time τf is given by the reciprocal of the
folding rate, kf , and is true for the temperatures provided in the table.
well as a reasonable size. Too small, and one faces issues with purification of the isolated proteins for control
experiments. Too large, and this can restrict computational studies which can provide additional information
to complement experimental work. It was also found that most fast folding proteins are relatively small,
hence the lack of larger species.
The DNA plasmid for the HP36 was obtained as a donation from Professor Dan Raleigh, and GA module
DNA was donated by Dr Sarah Dodd (née Lejon).
3.1 The GA module
The protein PAB is a human serum albumin (HSA) binding protein identified in HSA-binding strains of
Finegoldia magna (formerly Peptostreptococcus magnus [87]). The GA module is a 45 residue albumin
binding domain within PAB that has 60 % homology with protein G, and was hence termed the protein
G-related Albumin binding domain, or GA.
The structure has been well established as a three helix bundle by crystallography [88] and NMR [89, 90],
and characterisation of its interaction with albumin has also been carried out [91, 92]. Of particular interest
are the studies of its folding behaviour. Infra-red temperature jump (IR T -jump) studies of the wild type
protein have shown it to have a folding time of ∼6 µs. This folding time was measured using a temperature
jump between 84.3 and 94.5 ◦C[82]. The same method has also been used to show that a double mutant
of the GA module, (K5I/K39V) has a folding time constant τf of ∼1 (µs)−1 [82]. This double mutant was
designed based on simulation work carried out by Zhu et al. [93] with the intention of fine-tuning the folding
rate by introducing mutations that alter the hydrophobic core. Other simulations by Takada [94] and Lei
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Figure 3.1: Chevron plot of folding kinetics of HP36 headpiece as a function of guanidine chloride concentra-
tion. The folding rate, kuf , shown in red, gradually decreases with increasing [GdmCl] while the unfolding
rate kfu (green) increases. The overall exchange rate, kex (shown in blue, = kfu + kuf ), appears to change
by a small degree, but overall remains in a similar range throughout the titration. Figure was extracted
directly (with small aesthetic alterations) from Cellmer et al. [96].
at el. [95] have also confirmed, from a computational standpoint, that the GA module has extremely fast
folding kinetics.
It must be borne in mind, however, that these folding studies were carried out using T-jump experiments,
and the elevated temperatures at which they were performed could lead to increased rates than would
be observed at 25 ◦C. This is an important caveat, since isolated ribosome complexes are not stable at
temperatures significantly greater than 25 ◦C. The high temperatures in the literature were used because
the GA module appears to have very high thermal stability. Johansson et al. [89] attempted to determine
the melting point, Tm of the domain, but were unable to find a precise temperature for this value, although
they did determine that the module appears to begin unfolding above 70 ◦C.
Such high folding temperatures are often indicative of thermophilic proteins. However, the Finegoldia
magna strain that the GA is derived from is not thermophilic, and so it appears in this case that the GA is
simply a very stable small domain of a larger protein.
3.2 The villin headpiece, or HP36 domain
The HP36 is a 36 residue domain that comprises the C-terminus of the villin headpiece, and is the smallest
naturally occurring sequence known to fold cooperatively. The folding kinetics of the HP36 have been
studied extensively by a range of techniques, including IR T -jump [97], laser induced fluorescence [84, 98]
and NMR line-shape analysis [99]. All such studies have confirmed that this domain folds on a microsecond
timescale at room temperature conditions. Due to its extremely rapid kinetics and small size, it has become
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a very popular domain for computational studies [100–102], which complement a large and growing body of
experimental work on its folding properties [96, 103–107].
What makes the HP36 a very promising candidate, besides its ultrafast folding rate, is the extent to
which its folding rate does not appear to alter significantly with denaturant concentration, or mutational
insertions designed to destabilise the peptide. Figure 3.1 shows the chevron plot of the HP36, obtained
from Cellmer et al. [96]. This chevron plot shows the measured folding and unfolding kinetics of the HP36
domain at a range of concentrations of guanidinium chloride. Typically, as the concentration of denaturant
reaches levels that cause equal populations of the U and F states, the overall folding exchange rate, kex,
is reduced relative to the fully folded or unfolded proteins. While that is also the case here, it should be
noted that the minimum exchange rate is still in the microsecond regime, meaning that we are likely to still
be able to observe fast exchange in an NMR spectrum. One can suppose that this ‘stability’ in the folding
rate rate of HP36 gives it a distinct advantage over other proteins where the kinetics of folding as both
the folded and unfolded states become populated is greatly reduced. Alongside this, folding studies of the
F47L/F51L double mutant, which is significantly destabilised relative to the wild type, indicate that it has
similar overall kinetics [97]. Again, this makes the HP36 a very promising candidate, as it is likely to remain
in fast exchange over a range of conditions.
Although extremely useful for studies of folding, care must be taken in the production of this peptide since
its small size renders it susceptible to proteolysis. Although it is possible to synthesise such a small amino
acid stretch, this is still expensive and not suitable for isotopic labelling or the investigation of ribosome-
nascent chain complexes. Hence, for the purpose of NMR studies, Bi et al. [108] developed an efficient
method for production of the HP36 by producing a construct with an N-terminal tag, cleavable by factor
Xa, consisting of the N-terminus of the bacterial ribosome protein L9 (NTL9);
NTL9-Xa-HP36
The NTL9 is very stable, and is easily purified by ion exchange chromatography, allowing it to be used
to protect the HP36 during purification before cleavage with factor Xa to produce the villin headpiece with
good yield, after further purification to remove the NTL9 and factor Xa.
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3.3 Characterisation of isolated proteins
3.3.1 Structure and folding characterisation by circular dichroism
Initial secondary structure investigations were carried out using far-UV circular dichroism (CD). Each protein
was dissolved to 10 µM in a buffer at pH 7.5 (GAmodule in sodium acetate, HP36 in Tris), and a CD spectrum
acquired in the wavelength range of 200-250 nm. Spectra were acquired in steps of 1 nm, with 2 seconds per
point. CD spectra of both proteins appear consistent with α-helical structures. In particular, the minimum
at 222 nm is indicative of this secondary structure motif.
It is important to establish the conditions under which unfolding can occur and to ensure that the unfolded
state can be populated to completion, since this is a required end point for accurate population calculations
by NMR. Folding characterisation was hence carried out using temperature melts in order to determine the
conditions under which the proteins were stable. This was carried out by executing CD temperature melts
over a range of concentrations of urea.
Multiple samples were prepared for each peptide, with increasing concentrations of urea. Initial CD
measurements on samples with no urea showed a minimum at 222 nm characteristic of α-helical content.
Each sample was then subjected to a temperature melt, with a CD spectrum being acquired for each degree
increment in temperature (1 nm steps, 0.5 seconds per step) (see Figure 3.2). For both the GA module and
the HP36, the CD value at 222 nm was used to monitor the extent of unfolding since both peptides have
secondary structures consisting entirely of helices and turns (Figure 3.2).
Although complete unfolding was achieved for both peptides, the GA module proved far more difficult to
unfold than the HP36. Whilst the HP36 was almost entirely unfolded in 0 M urea at 90 ◦C, the GA required
between 6 and 10 M urea alongside temperatures above 80 ◦C in order to obtain a saturated CD signal.
3.3.2 NMR urea titrations
After the initial estimation of the folding ranges of the two domains, the urea titrations were repeated using
NMR spectroscopy in order to evaluate folding kinetics and to determine the exchange regime of the peptides
as unfolding occurred. Titrations were carried out for the GA module and HP36 domain. All spectra were
acquired in 100 mM NaOAc at pH 5.0. The pH was lowered to increase the number of resolvable peaks by
preventing amide proton exchange broadening that can occur under more basic conditions. The progression
of folding was followed by 1D 1H spectra (Figure 3.3) and 1H-15N HSQC spectra (Figures 3.4, 3.5 and 3.6).
Since the GA module required relatively high temperatures to be unfolded, the urea titration was carried
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Figure 3.2: Circular dichroism spectra and urea temperature melts of the GA module and the HP36-NTL9
fusion protein. A-B: Tertiary structures of the GA module (A) and HP36 (B) domains. Structures were
rendered using the visual molecular dynamics (VMD) software [109]. C-D: CD spectrum of the GA module
(C) and the HP36-NTL9 protein (D) E-F: CD temperature melts of the GA (E) and HP36-NTL9 (F), at
incremental urea concentrations. The CD value at 222 nm was used to monitor unfolding throughout the
temperature ramp. Plots were produced using matlab.
out at 55 ◦C, the highest safe temperature allowed for the NMR spectrometer. According to the CD melts,
this temperature and a urea concentration of 10 M corresponds to at least a partially unfolded form of the
protein. Spectra were acquired at 800 MHz.
Since the HP36 could be unfolded under milder conditions, this titration was carried out at 25 ◦C (at 500
MHz), and was then repeated at 55 ◦C to ensure that complete unfolding was attained. The titration was
in fact carried out on the NTL9-HP36 fusion protein, as the folding kinetics of either domain were expected
to act independently.
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1D spectra
Figure 3.3 shows the high field methyl region of the GA module at increasing concentrations of urea. As
the urea concentration begins to increase, the high field shifted peak becomes significantly broadened until
it can no longer be observed.
For the HP36 at 328K, (Figure 3.3, top), although some broadening of the highlighted methyl proton
is observed, it is largely preserved throughout the titration. The chemical shift of this peak changes in a
clearly sigmoidal fashion, which is also indicative of a fast exchange process. However, the same peak at 298
K shows behaviour more like fast-intermediate exchange, as the peak shifts initially, and then broadens out
almost completely at 5M urea (Figure 3.3, bottom left). This behaviour is also observed for the GA module,
even at 55 ◦C (Figure 3.3 bottom right).
2D spectra of the GA module
2D spectra of the GA module are also indicative of fast-intermediate or slow exchange. Although some peaks
appear to shift gradually, this is likely due to the addition of urea. The broadening of folded cross-peaks is
simultaneous with the appearance of peaks corresponding to the unfolded domain (Figure 3.4). In particular,
the G22 peak was seen to broaden out and reappear again in a clean region of the spectrum (Figure 3.4).
This is consistent with slow exchange, suggesting this protein may be unsuitable for further investigation as
a fast folding nascent chain.
Inspecting the chemical shift change of the G22 cross peak, we can see that the overall chemical shift
change, ∆δ, is approximately 0.37 ppm at 800 MHz in the 1H dimension, corresponding to a frequency
difference ∆ω of 1860 s−1 (0.37 ×800 MHz×2pi). In the 15N dimension, the difference of 1.8 ppm corresponds
to a frequency difference of 900 s−1 (1.8× 800 MHz10 × 2pi), since the gyromagnetic ratio of 15N(γ15N) is one
tenth that of γ1H. If we suppose a slow exchange regime, this suggests the folding exchange rate of the GA
under these conditions is much less than 900 s−1, or that the folding time τf is greater than 1.1 ms.
2D spectra of HP36
The HP36 2D spectra at 328K show some evidence of fast exchange across the urea titration (See Figures
3.5 and 3.6). However, at 298K, there is evidence of a fast-intermediate exchange regime, where in the
1D spectra (Figure 3.3 and 3.6), the high field methyl peak that was in fast exchange at 328K is clearly
broadening out at mid-range urea concentrations.
By inspection of the spectra of the HP36 titrations in the same manner as described above for the GA
55
11.7
10.5
9.3 
[urea] / M
7.9 
6.1 
3.6 
2   
0.8 
0   
0.250.3
0.35
1H δ
0.40.45
0.50.55
0.6
0
5
10
15
Si
gn
al
[Urea] / M
0 2 4 6
1 H
 δ
 
/ p
pm
0
0.2
0.4
0.6
0.8
7
6
5
4
3
2
1
0
-0.10
0.10.2
0.3
1H δ
0.40.5
0.60.7
0.80.9
10
5
0
×104
Si
gn
al
[urea] / M
7
6
[urea] / M
5
4
3
2
1
0
-0.2-0.1
00.1
1H δ
0.20.3
0.40.5
0.60.7
0.8
1000
500
0
-500
Si
gn
al
HP36 (328 K) HP36 (328 K)
HP36 (298 K) GA (328 K)
[Urea] / M
1H δ
Si
gn
al
[Urea] / M
1H δ
Si
gn
al
[Urea] / M
1H δ
Si
gn
al
A B
C D
Figure 3.3: 1D spectra of the GA and HP36 as a function of urea concentration. A: Change in high field
methyl peak in HP36 with urea concentration, and B: plot of change in chemical shift of the highlighted
peak. Spectra were acquired at 328K and 500 MHz. C: Change in high field methyl peak in HP36 with
urea concentration at 298K. Spectra were acquired at 500 MHz. D: Change in high field methyl peak in GA
module with urea concentration. Acquired at 328K and 800 MHz. Plots were produced using the matlab
software [67].
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Figure 3.4: 2D spectra and analysis of the urea titration of the GA module. A: Amide region of the 15N
HSQC of the GA module at incrementing concentrations of urea. Urea concentrations are as follows; A1:
0 M, A2: 0.8 M, A3: 2.0 M, A4: 3.6 M, A5: 6.1 M, A6: 7.9 M, A7: 9.3 M, and A8: 10.5 M. Note how
the transition from dispersed to non-dispersed is sharp, indicating slow exchange. Spectra were acquired at
800 MHz and 328 K. B: 1H-15N HSQC spectra of the G22 crosspeak for each urea concentration. Chemical
shifts and peak heights were determined from the spectra and are plotted on the right (Figures C1, C2 and
C3). The red circles correspond to the appearance of a new peak, with no apparent intermediate chemical
shifts.
module, we can see that at 328 K, the A57 peak frequency differences are 310 Hz in the 1H dimension, and
35 Hz in the 15N dimension. At this temperature, we observe fast exchange, indicating that the exchange
rate is greater than 1900 s−1 (τf < 0.5 ms). At 298 K, the same analysis reveals a ∆ν of 2500 Hz in
the 1H dimension, and 600 Hz in the 15N dimension. In this case, assuming slow exchange indicates that
kf < 600 s
−1, and τf > 1.67 ms.
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3.4 Urea titration discussion
If we assume that a simple two-state exchange model (equation 2.1.1) can be applied to the observations
made in each titration, then there appears to be a remarkable discrepancy between the kinetics of folding
observed here and the microsecond timescales observed in the literature. However, there is a possibility
that other events besides those described by equation 2.1.1 are occurring. Consider Figures 3.3C and 3.3D,
showing the 1D spectra of the urea titration of the HP36 at 298 K and the GA module at 328 K, respectively.
In both plots, as the urea concentration increases above 5 M, substantial line-broadening occurs. Because
there are no observable peaks in this range, the origin of this line-broadening cannot be evaluated, and may
be due to slow or intermediate exchange. Alternatively, there may be a third state that is populated on the
folding pathway (equation 1.2.2), which can lead to complex exchange kinetics, and substantial NMR line-
broadening. Another possibility is the formation of a molten globule state. A molten globule is a compact
form of a protein with strong secondary structure elements and little to no tertiary structure. The formation
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Figure 3.5: 2D spectra of the urea titration of the HP36-NTL9 fusion. Spectra were acquired at 500 MHz
and 328 K. Urea concentrations are as follows: A: 0, B: 1.0, C: 2.0, D: 3.0, E: 4.1, F: 5.0, G: 5.9, H: 6.7,
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of such states is often associated with substantial NMR line-broadening effects.
Another means of resolving the discrepancy in kinetics observed here is to consider the impact of urea
and temperature upon kinetics. The ultrafast folding rates determined for both the GA module and the
HP36 were observed using T-jump methods. In the case of the GA, it may be that the folding rate only
applies at the extremely elevated temperatures used. However, in the case of the HP36, although the
T-jump measurements were carried out at elevated temperatures, a backward extrapolation was made to
determine the room temperature folding rate [96]. Hence, temperature alone does not appear to explain this
discrepancy. It is possible then that the addition of urea also has an impact on the kinetics of the HP36,
causing it to fold and unfold at a much slower rate. This is a known effect of urea, and as a result of this,
it is very difficult, with just a urea NMR titration, to determine the kinetics of folding of the protein in the
absence of urea.
Although the kinetics of folding of the HP36 appeared to be slower than was expected, what is clear is
that the folding kinetics of the HP36 appear to be less susceptible to alteration by the aqueous environment
than the GA module, since fast exchange could be observed for the headpiece (at 328 K), but not for the
GA. It is also clear that the HP36 readily adopts a partially folded conformation at lower concentrations
of urea, and lower temperatures than the GA. This difference in stability of the peptides may also be an
interesting avenue to explore on the ribosome.
Given that the HP36 possesses not just an ultrafast folding rate, but also a folding rate that is relatively
‘stable’ against mutation and some of the effects of denaturants such as urea, this peptide might still be
considered the most likely candidate to display fast exchange behaviour on the ribosome.
3.5 Ribosome binding experiments
Protein interactions with the ribosome can lead to line-broadening of resonances as a result of greatly
enhanced relaxation rates, rendering them difficult or impossible to observe. Isolated samples of 15N labelled
GA module and HP36 in Tico buffer were mixed with ribosomes and HSQC spectra were recorded and
compared with spectra of the free proteins, in order to assess the line-broadening effect. For the HP36, it
was necessary to remove the N-terminal NTL9 tag as interactions between this protein and the ribosome
would be liable to significantly interfere with results (see section 7.1.6 for the method of purification of the
cleaved HP36 domain).
For both the HP36 and the GA module, it was found that inclusion of arginine in the NMR buffer was a
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Figure 3.7: NMR analysis of the titration of the GA module with ribosomes. A: HSQC spectrum of the
GA module. The inset shows the HSQC of the GA in blue overlaid with the intensity normalised HSQC
of the GA module in the presence of ribosomes, in red. B-C: HSQC relative intensities and 1D spectra
for the his-tagged GA module in the presence of ribosomes at a 3:1 protein:70S ratio (23:7.5 µM). Spectra
were acquired with a 125 mM arginine supplement. D-E: HSQC relative intensities and 1D spectra for
the non-tagged GA module in the presence of ribosomes at a 1:1 protein:70S ratio (7 µM), and an arginine
supplement of either 125 or 50 mM. Plot D also shows the effect of arginine on relative intensities. All
spectra were acquired at 700 MHz and 298 K.
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Figure 3.8: NMR analysis of the titration of the HP36 domain with ribosomes. A: HP36 SOFAST HMQC
spectrum B: HP36 spectrum overlaid with HP36 in the presence of ribosomes (HP36:70S = 2.6:1 (6.6:2.5
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intensities of the HP36 in the presence of ribosomes. The full HP36 sequence is shown above the plot
(grey shaded residues indicate absence from plot). Each plot point is also labelled with the amino acid
it corresponds to. Spectra were acquired at 700 MHz and 298 K in Tico buffer with a 100 mM arginine
supplement.
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necessary step for effective experiments. For the GA module, precipitation occurred as soon as the protein
made contact with ribosomes, unless arginine was included, and arginine was also required to prevent HP36
line-broadening in the presence of ribosomes from eliminating signal entirely. Arginine is well known as an
additional buffer component for suppressing the aggregation of proteins without affecting tertiary structure
[110]. It is generally held that the weak binding of arginine ions to protein surface aid in solubilisation of
the protein [111, 112], and it has also been proposed that interaction between the guanidinium group of the
arginine with aromatic rings of the protein [113, 114] aids in solubilisation by screening hydrophobic patches.
Line-broadening effects were quantified by comparing the relative intensity of HSQC/HMQC peaks in
the presence of ribosomes to those of the isolated proteins. The GA module interacts very strongly with the
ribosome, and even forms a precipitate unless appropriate conditions are used. By including arginine in the
NMR buffer, it was possible to partially recover the 2D and 1D 1H signal. See Figure 3.7.
The HP36 also exhibits substantial line-broadening in the presence of ribosomes. However, with the
addition of arginine, this line-broadening effect was mitigated sufficiently to allow the recording of SOFAST
HMQC spectra. Normal HSQC spectra could not be observed, however (see Figure 3.8).
A B
Figure 3.9: Structures of the GA module and HP36, coloured by residue according to extent of line-broadening
in presence of ribosomes. A: GA module. B: HP36 villin headpiece. For both proteins, C-termini are at
the top. Red indicates a high degree of line-broadening, while blue indicates less broadening. Grey regions
indicate no data was available.
Residue specific line-broadening
Figure 3.9 shows the colour map of line-broadening of the HP36 and GA module by residue. It is difficult
with this information to pick out a specific pattern of broadening in terms of locality, or secondary/tertiary
63
structure for the GA module. However, in the case of the HP36, the C-terminus appears to display a slightly
greater degree of line-broadening than the N-terminal end.
3.6 Evaluation of the main candidates
Of the two proteins investigated here, the HP36 appears to be the stronger candidate for the production of
a nascent chain sample. It is important to stress here, that the use of urea to determine folding kinetics
may lead to an underestimation of folding kinetics. Other folding studies of the HP36 indicate that it tends
to retain a high folding exchange rate even when destabilising mutations are introduced [97]. The effect
that the ribosome has on kinetics is essentially impossible to predict at this stage, and so the only option
is to produce nascent chain samples in order to investigate the behaviour of any protein in the ribosomal
environment.
Also, while interactions with the ribosome appear strong in both proteins, this should not rule out their
further development. Firstly, it is possible with arginine, and possibly other additive components, to mitigate
this interaction in order to maximise observable signal, and secondly, because such interactions may in fact
be a crucial aspect of co-translational folding in some cases. Hence, to ignore such interactions, or to only
investigate proteins where no interaction is observed, may exclude an important aspect of co-translational
folding from our research. As such, both the proteins investigated here were considered suitable candidates
for study as nascent chains.
3.7 NMR resonance assignments
Once it was clear that the HP36 and the GA module were both suitable for consideration as fast folding
nascent chains, resonance assignments were obtained for the 15N HSQC spectra. The 15N resonance assign-
ment of the HP36 headpiece domain was taken from the biological magnetic resonance data bank (BMRB,
entry 11519 [115]).
Since there was no assignment available for the GA module in the literature, this protein was assigned
using a combination of triple resonance techniques. A uniformly 15N-13C labelled sample of the GA module
with an N-terminal TEV cleavable H6 tag was expressed and purified using nickel column chromatography
and size exclusion. The full sequence of the expressed protein was MSHHHHHHSSGENLYFQGTIDQWLL
KNAKEDAIAELKKAGITSDFYFNAINKAKTVEEVNALKNEILKAHA (TEV cleavage site is underlined).
The triple resonance spectra used to carry out the assignment of the GA module were as follows; Constant
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time 13C HSQC with delays of 13.3, 26.6 and 40 ms, BEST-HNCO, BEST-HNCACB, BEST-HNCOCACB,
(H)CC(CO)NH, H(CC)(CO)NH and HC(C)H TOCSY. This allowed for the assignment of 49 peaks of the
51 that were observed in 1H-15N HSQC spectrum of the GA module. This corresponds to an assignment of
96 % of the observable peaks, or 92 % of the total number of GA module residues (53). For details of the
full assignment, see Appendix B.
3.8 Chapter summary
To conclude this chapter, it was shown that even supposedly fast folding proteins were in slow or intermediate
exchange on the NMR timescale. The best candidate in terms of folding rate is clearly the HP36, as it
maintains a rapid folding rate even at moderate temperatures. The line-broadening shown by the HP36 in
the presence of ribosomes can be mitigated by including arginine in the buffer, and the exploration of charge
varying mutants of HP36 may also be helpful in reducing the extent of line-broadening observed.
Perhaps the strongest reason for proceeding with the HP36 is its constant folding rate. With the exception
of the room temperature urea titration, the value of kex remains very high in the presence of denaturants,
preserving the fast exchange regime. Also, partially folded mutants display similarly high folding rates.
Often, when a protein is found to populate the folded and unfolded states to similar degrees (∼ 50 %),
the balance of ku and kf leads to a greatly reduced kex, and so a situation such as found for HP36 is
particularly ideal. This may also explain why slow exchange was more strongly observed for the GA module,
as intermediate urea concentrations may have contributed more to reducing kf than to increasing ku.
The line-broadening by interaction with the ribosome could be resolved by the inclusion of arginine in
a nascent chain sample, and also the elimination by mutagenesis of residues that effect the interaction.
However, there appears to be no consistent pattern in terms of which residue types affect the HP36-ribosome
interaction (charge, hydrophobicity, etc). Instead, one could choose to target and mutate specific residues
that have particularly low 1H-15N-HSQC relative intensities in the presence of ribosomes.
These results also indicate how challenging it is to evaluate from kinetic data alone whether or not a
peptide will fold fast enough to be in the fast exchange regime. The GA module and HP36 domain should be
approaching fast exchange according to observations made in the literature, however this clearly was not the
case. The HP36 clearly has the particular advantage of having a folding rate that remains similar under a
wide range of conditions. The advantage afforded to the HP36 by this property makes it a stronger candidate
for consideration as a nascent chain, and so this peptide was initially selected for further development.
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We now discuss work made towards developing these proteins into DNA constructs that can be trans-
lationally stalled, allowing the for study of their structure and folding by NMR whilst attached to the
ribosome.
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Chapter 4
Production of Nascent Chain DNA
Constructs, and Analysis by NMR
Spectroscopy
The 17 amino sequence FSTPVWISQAQGIRAGP, isolated from the bacterial SecM protein, is known to
arrest peptide translation [39, 116], and as such it has been exploited for a vast range of co-translational
studies [49]. After incorporating the sequence into the C-terminus of the desired protein, the protein can be
expressed under similar conditions to the non-SecM variant, with typically much shorter expression times
(around 30 minutes at 30 ◦C for E. coli cells in the mid-exponential phase; see section 7.3). We now describe
attempts to incorporate this motif into the DNA constructs of the HP36 and GA module domains.
4.1 Testing of expression and purification conditions for the HP36
RNC construct
Three separate DNA constructs for this nascent chain were trialled. They were produced by a combination
of site directed mutagenesis and digestion/ligation techniques (Section 7.4).
The three target constructs investigated had the following sequences;
H6-TEV-HP36-SacI-dom6+110-SecM
H6-TEV-NheI-NTL9-Xa-HP36-SacI-dom6+110-SecM
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H6-NTL9-TEV-HP36-SacI-dom6+110-SecM
The constructs were termed HP-RNC1, HP-RNC2 and HP-RNC3, respectively.
4.1.1 Expression testing of RNC constructs
Transformed plasmids were grown in LB media (50 ml in 200 ml conical flasks) at 37 ◦C and 250 rpm to an
optical density of 0.6. Expression was induced by addition of 1 mM IPTG and cultures were then incubated
either at 37 ◦C for 1 hour, 30 ◦C for two hours, or 20 ◦C for 16 hours. In all cases, reproducible expression
of a nascent chain as detected by immunoblotting could not be obtained.
The expression attempt was repeated by growing cells to saturation in MDG medium before transferring
to EM9 and inducing expression under the same conditions. Again, reproducible expression of sufficient yield
could not be obtained. Conditions were found under which the HP-RNC3 construct did express, however
this could not be reproduced, despite numerous attempts. It was therefore concluded that further work is
required to make the system more robust before proceeding with development of this nascent chain.
4.2 Designing and cloning the GA module RNC DNA construct
Since the HP36 proved extremely difficult to express, we subsequently focussed on developing conditions
for expression of the GA module nascent chain, a generally more robust protein. These attempts proved
successful (Section 4.3.1). Using the FLN750 RNC work as a starting point, it was decided that the first
study would be 15N labelled, and that translation should be stalled when the GA is as far away from the
ribosome as possible in order to ensure that the structured form of the peptide be observed, since this is
likely to be easier to identify. The longest Ig2 linker that has been studied places 110 amino acids between
the PTC and the protein of interest, and so this linker was incorporated into the RNC construct.
To produce the required construct, NdeI and SacI digestion sites were introduced by PCR into the Ig2+110
RNC and GA module DNA constructs. The plasmids were then digested with NdeI and SacI enzymes, and
the GA insert and Ig2 vector were isolated by gel electrophoresis and excision, and recombined with T4
DNA ligase (Figure 4.1A). The identity of the plasmid after ligation was confirmed by DNA sequencing
(Source BioScience). The expected mass of the amino acid construct (including the his-tag) is 19.9 kDa.
For details of DNA manipulation, see section 7.4. The DNA plasmid hence used for expression of the GA
module nascent chain had the following sequence;
H6-TEV-GA-dom6+110-SecM.
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H6 TEV GA Ig2 DVI SecMIg2 DV
NdeI SacI
H6 TEV GA
NdeI SacI
Ig2 DVI SecMblank
Insert Vector
Ligation
Ig2 DVI SecMH6 TEV GA
=) =)
=)
Restriction	

digest
Restriction	

digest
A
Figure 4.1: Schematics outlining the process of producing a translationally stalled protein. A: Production
of the RNC DNA construct used in the present report. B: Schematic of protocol for preparation of an
isotopically labelled RNC.
4.3 Expression and purification conditions for the GA module RNC
construct
The GA module RNC was found to express well under the same conditions used for the FLN750 RNC (vide
infra). Attempts were made to cleave the his-tag from the GA module using TEV protease, however the
nascent chain could not be recovered after incubation with the protease, suggesting either excess proteolysis
or aggregation had occurred. Hence, it was determined that initial NMR studies on this nascent chain would
be carried out with the his-tag intact.
4.3.1 Expression and purification of the 15N labelled nascent chain
Figure 4.1B summarises the protocol for expression and purification of isotopically labelled nascent chain
complexes. The culture was initially grown in an unlabelled non-inducing MDG medium to maximise the
cell growth. Once cell growth reached saturation (OD600 ≈ 4-6) the cells were transferred to a minimal EM9
medium (M9, pH 8.00) in the presence of the desired isotopic components (15NH4Cl). As soon as the cells
were resuspended, expression was induced with 1 mM IPTG for 10 minutes at 37 ◦C and 200 rpm. After
10 minutes, rifampicin was added (150 mg/L), and incubation continued for a further 35 minutes. The cells
were immediately chilled on ice, before harvesting at 4000 rpm for 20 minutes.
The expression time is optimal for maximising the extent to which the ribosomes in the culture are occu-
pied with stalled nascent chains and minimising the extent of background isotopic labelling and nascent chain
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Figure 4.2: Summary of the purification of the GA module RNC.A: Elution of ribosome bound nascent chains
from a 10-35 % sucrose gradient. The highlighted fractions correspond to 70S ribosomes. B: Silverstain gel
of the indicated fractions from the gradient. Fractions containing 70S ribosomes are boxed in blue, and the
red box highlights background due to impurities. The pattern of bands observed in the red box is consistent
with denatured ribosomal proteins. Major bands are labelled according to their corresponding ribosomal
protein. C: Silverstain of final purified sample (9 pmol) of the fractions pooled from B. D: Western blot of
final sample. The lane adjacent to the marker was loaded with a low pH dye, and the far lane was loaded
at high pH after incubation with RNase for 5 minutes to ensure release of the nascent chain. Both lanes
contain 9 pmol of ribosomes.
release. The rifampicin also minimises background labelling by inhibiting the activity of RNA polymerase
[117], hence preventing further ribosome growth in the labelled medium, which would lead to non-specific
ribosome labelling.
After expression, cells were lysed by french press, and the soluble fraction loaded onto a sucrose cushion
to extract the ribosomal component. The pellet contained ribosome particles of various sizes. The nascent
chain bound ribosomes were purified using an IDA-Nickel resin, eluting with 150 mM imidazole, followed
by further purification of the 70S particle by sucrose gradient ultracentrifugation (Figure 4.2A). The pure
70S containing fractions were identified by silverstained SDS-PAGE (Figure 4.2B), pooled, concentrated and
exchanged into Tico buffer (5×, 15 ml to 0.5 ml) before being snap frozen in liquid nitrogen and stored at
-80 ◦C. The TEV cleavage site was left intact for this sample, and arginine was also excluded from the Tico
buffer.
4.4 Biochemical assessment of the nascent chain
The presence of the stalled nascent chain was confirmed by anti-his western blot analysis. The stalled transla-
tion product is covalently bound to tRNA at the PTC, hence the attached nascent chain runs approximately
20 kDa higher than expected for the protein alone (Figure 4.2D, lane 1). Addition of RNase to a sample
prior to loading the gel (Figure 4.2D, lane 2) degrades the tRNA, releasing the protein such that it migrates
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Figure 4.3: Evaluation of initial sample integrity by NMR. A: 1D 1H spectrum of the GA RNC in black,
overlain with a ribosome spectrum in red. Signals were normalised for concentration and number of scans.
Insets show zoomed in regions of interest, namely the methyl and amide proton regions. B: 15N edited
(black) and 14N edited (red) 1D 1H spectra of the nascent chain sample. The 15N edited (black) spectrum
indicates the 15N bound 1H signal arising from the nascent chain sample, while the 14N edited (red) spectrum
indicates the 14N bound 1H signal arising from the same sample. The intensity of the 15N edited spectrum
was multiplied by 10 for comparison with the 14N edited signal. The grey vertical lines on the spectra
indicate the presence of peaks corresponding to ribosomal proteins L7/L12. These were used to ensure that
the spectra were normalised relative to ribosomes, rather than nascent chain. Since the 15N bound signal is
ten times weaker than the 14N bound signal, this indicates that the extent of background 15N labelling of
the ribosome is approximately 10 %, which is sufficiently low to allow 1H-15N analysis of the nascent chain
itself. C: Monitoring of the methyl 1H signal in the STE diffusion experiments at gradient strengths of 5 %
(black), 50 % (blue) and 95 % (red) of Gmax. D: Monitoring of the amide 1H signal in the SORDID diffusion
experiments at gradient strengths of 15 % (black) and 100 % (red) of Gmax.
down the gel at its actual mass. Although it was found that the tRNA released form migrates around 7
kDa higher than expected (27 kDa instead of 20), this was attributed to the highly disordered nature of
the domain 6 linker, which can lead to a higher hydrodynamic radius during gel migration. Hence, this
confirmed that translation had been successfully stalled. The purity of the 70S particles was evaluated by
silverstained SDS-PAGE (Figure 4.2C), indicating that the sample was of high purity.
To determine occupancy, the isolated GA module was purified and used as a control to measure the
concentration of bound nascent chain in the RNC sample by western blotting with densitometry analysis.
However, the isolated GA module did not appear to bind to the anti-his antibody, and so could not be used
as a control. It is uncertain as to why the isolated protein does not bind the antibody whilst the RNC
construct does.
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4.5 NMR analysis of the GA module nascent chain
The frozen sample was thawed on ice, and exchanged into fresh Tico buffer 3 times to filter out nascent
chain that can release in the snap freeze/thawing process. The final NMR sample (including 10 % D2O and
0.01 % DSS) contained 9 µM ribosomes with a volume of 320 µl.
4.5.1 NMR spectra
All spectra were recorded at 25 ◦C on a 700 MHz Bruker Avance spectrometer equipped with a cryogenic
probe. 15N filtered and 15N edited spectra were initially recorded to estimate the extent of background ribo-
some labelling, and the nascent chain signal was estimated from a 15N edited 1D 1H spectrum. The sample
was then analysed by recording 15N SOFAST HMQC correlation spectra, 15N edited SORDID diffusion,
1H-stimulated echo (1H-STE) diffusion, and 1H 1D spectra in an interleaved manner for the duration of the
sample lifetime (27 hours in total), allowing its behaviour to be monitored systematically over time.
SOFAST HMQC spectra were recorded with 1024 time points in the direct dimension and 64 points in
the indirect (15N) dimension. The centre of the spectrum in the indirect dimension was set to 117 ppm with
a sweep of 32 ppm, corresponding to a resolution of 0.5 ppm (35.5 Hz). This represents a minimisation of
resolution in order to maximise the signal obtained, considering this is an untested nascent chain and the
initial signal was weak relative to that from previous spectra recorded on the domain 5 nascent chain (vide
infra).
4.5.2 Evaluation of initial quality and integrity
1D spectra
Inspection of the 1D 1H spectrum reveals a profile characteristic of purified ribosomes, as shown by overlaying
the RNC 1D spectrum with a 1D spectrum of previously purified ribosomes (Figure 4.3A).
Evaluation of background isotopic labelling
Effective NMR studies on nascent chains require a high percentage of isotopic labelling of the nascent chain
with minimal to no labelling of the ribosome. Even small amounts of signal arising from 15N labelled
ribosomes can interfere with observed data. To evaluate the extent of background labelling, 1-dimensional
15N edited and 15N filtered (or 14N edited) spectra were recorded on the nascent chain sample, and the
intensities of the amide region of the L7/L12 ribosomal stalk region were compared between spectra (see
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Figure 4.4: Sample buffering capacity by monitoring of HEPES chemical shifts over time. A: HEPES region
of 1D 1H spectrum, alongside crude assignment. B: Focus on HEPES resonance 1 shows subtle changes in
peak position over time. C: Sample pH calibration over time, determined by comparing the middle peak
from the HEPES resonance 1 triplet with previously recorded standards.
Figure 4.3B). The two peaks at 7.4 and 7.6 ppm in the 15N filtered spectrum correspond to 14N bound protons
in the L7-L12 stalk. By scaling this to the intensity of the same region in the 15N edited spectrum, the extent
of ribosome 15N labelling can be seen to be approximately 10 %. The 15N edited and 14N edited spectra are
collected by initially exciting all amide protons in the sample, followed by a magnetisation transfer step onto
15N or 14N depending upon which nucleus we intend to edit for. Magnetisation is then transferred back to
1H for detection. In each case, the pulse sequence is kept as similar as possible, so that intensity differences
can be attributed to differences in the relative quantities of either nucleus.
Diffusion
Although the presence of the tRNA bound form of the nascent chain had already been confirmed (vide
supra), NMR diffusion is routinely used to confirm that 1: the ribosomes are intact and 2: the tRNA bound
nascent chain is still part of the 70S complex. To accomplish this, a 1H stimulated echo (1H-STE) diffusion
experiment was used to determine the diffusion coefficient of ribosome methyl protons in the 0.5-1 ppm
region of the 1D spectrum, and a 15N XSTE SORDID experiment [51] can monitor in the amide proton
region (7-10 ppm), to selectively measure nascent chain diffusion, assuming minimal background labelling.
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Figure 4.5: Evaluation of changes in signal over time to monitor sample breakdown. A: Methyl proton
region of the 1D 1H spectrum. B: Integrated signal from the methyl 1H region of the 1D spectra. C: Amide
1H region from the first increment of the SOFAST HMQC spectra. D: Integrated signal from the amide 1H
region of the SOFAST spectra.
For quantitative evaluation, the integrated signal of the selected regions of the spectra was used to calculate
diffusion coefficients using the Stejskal-Tanner equation [118],
S
S0
= exp
{
−γ2G2δ2σ2
(
∆− δ
3
)
D
}
= exp {−BD} (4.5.1)
where γ is the 1H gyromagnetic ratio, G is the strength of the encoding and decoding gradients, δ is the
gradient duration, ∆ is the diffusion delay between gradients, σ is a shaped pulse factor (= 0.9), and D is
the translational diffusion coefficient, in m2 s−1.
For the 1H-STE pulse sequence, three gradient strengths, at 5, 50 and 95 % of Gmax, (where Gmax =
0.565 T m−1) were used. In the interests of time, only 3 gradient strengths were recorded, which is too
few to obtain a high quality fitted curve. Instead, D was obtained from the ratio of the signal at gradient
strengths of 5 and 95 %, or 50 and 95 %.
For the SORDID experiments, 2 gradient strengths, at 15 and 100 % ofGmax (whereGmax = 0.393 T m−1)
were applied. Since the 15N edited signal was weaker than the pure 1H signal, and 15N diffusion experiments
take longer to run, only 2 gradient strengths were used.
The methyl and amide regions of of the 1D spectra from the first diffusion experiments are displayed in
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Figure 4.3C-D. Initial diffusion coefficients indicate an intact, attached, ribosome bound nascent chain (See
Figure 4.6).
4.5.3 Monitoring sample integrity over time
To determine the window in which an attached nascent chain was clearly being observed without contami-
nation from released translation products, the diffusion and 1D spectra were used to watch the sample as it
broke down over time.
The stability of the buffer was monitored by observation of HEPES chemical shifts in the proton spectra
(Figure 4.4). Particularly, the HEPES resonance arising at around 3.8 ppm is used to monitor sample pH,
and a shift in this resonance has previously been correlated with breakdown of nascent chain samples. In
Figure 4.4B-C, the majority of HEPES resonances appear relatively unperturbed over time, corresponding
to a very minor change in pH of 0.02 over the 27 hour period that data was recorded.
The ribosomes were monitored by observing STE diffusion in the methyl proton region over time, as
well as by looking at the overall integral of this region from the proton spectra. As ribosomes gradually fall
apart, the integral of the methyl region increases to reflect reduced correlation time (Figure 4.5A-B), while
the diffusion coefficient D increases. Interestingly, the value of D is greater when calculated using G = 5 and
95 % as opposed to 50 and 95 % (Figure 4.6A), which is due to the former measurement being biased towards
smaller molecules that are detected in the 5 % signal, but not at 50 or 95 %. A diffusion coefficient between
1.7 and 2.2 m2 s−1 is usually considered an appropriate range for intact ribosomes, and this was observed
for at least 12 hours, and perhaps up to 22 hours, suggesting good quality ribosomes for the majority of the
experimental time.
Although the ribosomes were intact for at least 12 hours, it was also important to monitor 15N edited
signal to confirm that the nascent chain was attached. Figure 4.5C-D shows the 15N edited amide signal
over time, which was determined by only processing the first increment of SOFAST HMQC spectra. 15N
diffusion coefficients were calculated from the SORDID results, (Figure 4.6). Since the 15N signal was very
weak, sequential experiments had to be summed in order to obtain sufficient signal that reliable diffusion
coefficients could be obtained. The SORDID diffusion highlights that although the ribosomes were intact for
at least 12 hours, the 15N diffusion coefficient rose above 2.2 m2 s−1 after 2.5 hours of recording time, meaning
that only the first 2.5 hours could be considered to be reporting exclusively on the intact, translationally
stalled protein.
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Figure 4.6: Further sample monitoring by measurement of translational diffusion coefficients over time. A:
Above: Methyl proton signal from STE diffusion experiments at gradient strengths of 5, 50 and 95 %. Below:
Diffusion coefficients calculated from STE results, using either G = 5 and 95 % (red), or G = 50 and 95
% (black). B: Above: Amide proton signal from SORDID diffusion experiments at gradient strengths of
15 and 100 %, after summation of adjacently recorded spectra to improve signal to noise. Below: Diffusion
coefficients calculated from SORDID results. Horizontal lines in the diffusion coefficient plots indicate the
expected range for intact 70S ribosomes. C: Anti-his western blot analysis of RNC sample in parallel with
SORDID diffusion experiments. Lanes 0, 1 and 2 correspond to marker, 70S ribosomes and the RNase
treated form of the nascent chain sample, respectively. Lanes 3 through 14 correspond to aliquots of the
intact RNC frozen at incremental time points (5 pmol of ribosomes per lane). D: Densitometry analysis
of the western blot, showing a gradual reduction in lane density over time as the attached nascent chain is
released/degraded.
4.5.4 Parallel biochemical experiments
Alongside the SORDID diffusion, the sample was also monitored by a parallel western blot analysis. As
the sample was prepared for NMR, a small aliquot of 400 pmol was taken and kept under exactly the same
conditions as the main sample. This was divided into further 5 pmol aliquots which were frozen at the same
time each SORDID experiment was collected, allowing for parallel anti-his western blots to be carried out
at a later date (Figure 4.6C). Densitometry analysis of the western blot was performed using the imageJ
software, which revealed the intensity of the tRNA bound form to be reducing over time due to release and
proteolysis. These results also indicate, along with the SORDID measurements, that the sample remained
intact for at most 2.5 hours. After this, the gradual reduction in density suggests that some form of release
was beginning to occur, thus contaminating bound nascent chain signal with released nascent chain signal.
4.5.5 2 dimensional correlation spectra of the RNC
The combined analysis of 15N edited 1D and diffusion experiments, and parallel western blots, seems to
indicate that the nascent chain remains attached for up to 2.5 hours. After this, we can expect subsequent
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data to be reporting on released translation products, which therefore interfere with remaining attached
protein.
Three 15N SOFAST HMQC spectra were collected in the initial 2.5 hour time period, and their summation
is shown in figure 4.7A. Comparing this spectrum with that of the analogous domain 5 RNC (+110 linker,
Figure 4.7E), shows that the GA RNC has significantly weaker signal, which may be due to a low 70S
occupancy of the nascent chain, as well interactions between the GA and the ribosome surface.
To increase the signal, all of the SOFAST spectra recorded in the 27 hour period (Figure 4.7B) were added
together, allowing for more facile analysis of the origin of the 15N signal. Numerous dispersed peaks arise
in this summation, most of which overlay very well with the L7/L12 stalk (4.7C), and the general outline
of the RNC signal appears to fit well to either L7/L12 or the domain 5 RNC (4.7C and 4.7G). However,
a group of well resolved resonances at around 8.2, 112.7 ppm was observed, which are a known marker for
the domain 6 linker (Figure 4.7G). This therefore confirms the presence of the nascent chain. Although this
signal could not be observed in the time period that the peptide was attached, this helps confirm the identity
of the sample. No conclusive overlay could be observed with the isolated GA module at any stage (4.7D),
indicating perhaps that low nascent chain concentration, along with protein:ribosome interactions, rendered
GA signal too weak or broad to be detected.
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Figure 4.7: Analysis of 2D spectra of the GA module nascent chain. A: 1H-15N SOFAST-HMQC spectrum of the GA module RNC. 768 scans,
summed over 3 spectra from the first 2.5 hours of NMR time. B: Summation of all SOFAST spectra collected on the GA RNC over 27 hours.
C: Overlay of B with an HSQC of the isolated L7/L12 bacterial ribosomal protein, showing good overlay with the dispersed peaks from the
RNC sample. L7/L12 spectrum was provided by Dr Xiaolin Wang. D: Overlay of B with a SOFAST-HMQC of the isolated GA module,
showing no significant overly with the dispersed peaks. E: HSQC spectrum of an isolated sample of the Ig2 (domain 5 + truncated domain
6) protein. F: SOFAST-HMQC spectrum of the Ig2 +110 RNC. E and F were provided courtesy of Anaïs Cassaignau. G: Overlay of B and
E. The region circled in red corresponds to an overlay between the dom5 RNC and the GA RNC. These overlaying peaks correspond to the
domain 6 linker, confirming the presence of the nascent chain, albeit most likely coming from released nascent chain. H: Overlay of B and F,
again showing some minimal degree of overlay near the centre of the spectra (circled in red). The NMR spectrum of the L7/L12 stalk was
provided by Dr Xiaolin Wang. Plots were produced using the ccpn NMR analysis tool [119].
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Figure 4.8: Charge distribution of the surface of the GA module. A: Charged surface of the GA module
from two separate angles. Red =⇒ negative, blue =⇒ positive. B: tertiary structure of the GA module,
highlighting the location of the positive residues. The positively charged region is largely composed of solvent
exposed lysine residues. The surface charge of the GA module was estimated using the PDB2PQR web server
[120].
4.6 Discussion
Although the GA module was not observed at the end of the ribosome tether, it was possible to observe
signals corresponding to the disordered domain 6 linker in spite of the weak signal. Diffusion measurements
may potentially have suffered from interference from background labelling of the ribosome, however the
attachment of the nascent chain was also confirmed by western blot analysis, and so the current strategy
now relies on manipulating the properties of the system and its experimental conditions such that discrete
resonances of the attached GA module nascent chain become observable.
There are numerous factors that deserve attention in this regard. Perhaps the most pressing issue is that
of nascent chain occupancy. As of yet, the occupancy of the RNC sample is still not known, although this
is an important factor in determining the true concentration of nascent chain being observed. Occupancy
determination will require a construct with similar affinity for the anti-his antibody as well as similar mem-
brane transfer efficiency for western blotting. Purification of the released form of the nascent chain, or a
similar sized construct, will be necessary for this purpose.
The presence of arginine in the Tico buffer appears to screen the interaction between the GA and the
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70S particle, and so its presence in the nascent chain sample may be crucial for preventing extensive line-
broadening. However, high arginine concentrations may require extensive pH balancing with HCl, potentially
leading to higher ionic strengths than are suitable for NMR. Hence, experiments to determine the maximum
arginine concentration at pH 7.5 that still provides a tenable environment for NMR should be carried out.
Further investigations on the impact of the histidine purification tag also need to be carried out.
There is a possibility that electrostatics play a role in protein-ribosome interactiond. The ribosome is
known to have a highly charged surface, mostly negative, and the GA module has both positive and negative
regions that are solvent accessible. Previous work on the impact of electrostatics of the ribosome by Knight
et al. has shown that negatively charged disordered nascent chains are repelled from the 70S surface while
positive chains are somewhat attracted [3]. This is also in agreement with the recent work by Deckert et al.
that has shown a similar result with α-synuclein, both as a nascent chain and as a protein:ribosome interaction
study. In this case, by replacing positively charged lysine residues on α-synuclein with the negative glutamic
acid, the interaction between the α-syn nascent chain and the ribosome surface was weakened, as evidenced
by a lesser degree of line-broadening [53].
Figure 4.8 shows the electrostatic surface of the GA module calculated using the PDB2PQR web server
[120]. The surface reveals that the exposed positive and negative residues on the GA module are largely
clustered on opposite sides of the helix bundle, with most positively charged lysines residing on helices 1 and
2, whilst the negative region is clustered around helices 1 and 3. One could hypothesise that the positive patch
of the GA module undergoes some form of non-specific interaction with the ribosome surface. To investigate
this possibility, the gradual replacement of positively charged GA residues can be used to determine their
impact on ribosomal interactions. Most of the positive residues on the GA module are lysines (Figure 4.8),
and it is possible that they strongly mediate the ribosomal interaction.
To investigate the impact of positive residues on the interaction, the effect of the mutations described in
Table 4.1 could be explored in terms of their impact on NMR line-broadening in the presence of ribosomes.
The PoPMuSiC prediction software tool [121] was used to estimate the impact of the mutations on the
overall thermodynamic stability. It was then found that since most lysines, except K11, are largely solvent
exposed, the overall effect on stability of mutation to glutamic acid is relatively low in most cases, with an
estimated ∆∆G of less than 0.2 kcal mol−1 for all mutations except K11E.
Therefore, one could sequentially replace solvent exposed lysines with glutamic acid, followed by deter-
mining the impact these have on the interaction between the mutant and the 70S using protein:ribosome
NMR titrations. Ideally, a mutant will be found that interacts minimally with the ribosome whilst retaining
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Construct Solvent exposure / % ∆∆G / kcal mol−1
Wild type N/A 0.0
K8E 63.68 -0.03
K11E 26.86 0.79
K19E 65.57 0.06
K20E 83.83 0.14
K34E 75.88 0.11
K36E 65.96 0.13
K50E 81.79 -0.08
Table 4.1: Proposed charge replacement mutations for the GA module. Solvent exposure and ∆∆G of folding
were calculated using the PoPMuSiC server [121]. A ∆∆G < 0 indicates a stabilising mutation, hence the
mutations shown here are predicted to have little effect on the overall structure of the protein.
tertiary structure and a fast folding rate.
A particular concern with regards to the impact of mutation on structure and folding is that even though
many of the lysines are solvent exposed and not involved in formation of the protein core, they still appear
clustered opposite the negative side of the protein, and perturbation of this pattern of oppositely charged
sides may adversely affect the tertiary structure. It is not easy to predict what effect will be induced however,
despite indications from prediction tools, and so a systematic residue by residue test of the impact of each
substitution will be necessary.
Alternately, there is a possibility that interaction between hydrophobic regions on the protein of interest
and the ribosome also play a role in protein:ribosome interactions. The ability of arginine to weaken the
interaction, and also to prevent precipitation of some proteins, indicates a hydrophobic contribution. The
above experimental outline detailing the investigation of electrostatic contributions to the interaction could
also be applied to hydrophobic contributions in much the same way, by replacing surface exposed aliphatic
and aromatic residues with with non-charged polar residues.
The structural and folding impact of any mutations can be explored experimentally using circular dichro-
ism, while NMR spectroscopy can complement this alongside being used to investigate ribosome interactions.
It is hoped that the combination of appropriate mutants and high arginine concentration will screen out any
interactions, whilst keeping intact the structure and rapid folding properties of the GA module. Provided
this can be achieved, then steps can be taken towards manipulating the folded/unfolded state equilibrium
present on the ribosome. This can be achieved through point mutations that destabilise the native state, or
by reducing the linker length such that closer proximity of the GA to the ribosome may prevent complete
folding of the protein.
Finally, it should be noted that the GA module and the HP36 are small peptides, which gives them
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another feature that has not yet been explored by NMR. Other studies, such as in the recent work by
Marino et al. [42] have shown that small peptides are capable of folding far closer to the exit tunnel than
has been observed for larger peptides. The HP36 in particular was shown to display this property of folding
closer to the ribosome. Hence, a finer level of structural detail on the folding of small peptides closer to the
exit tunnel would be a rich avenue of research that both the HP36 and GA module would be well placed to
investigate.
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Chapter 5
Understanding the Role of the Ribosome
Surface, and Exploiting the Fluorine
Nucleus for NMR
In Chapter 3, other proteins were trialled as fast folding candidates but rejected as they were not considered
suitable. Two of these include the Trp2-cage and WW domain. Both of these proteins interact strongly
with the ribosome, and the WW domain in particular was found to immediately precipitate upon mixing
with ribosomes. Other proteins that precipitate upon contact with ribosomes include the NTL9 and the GA
module. These observations and others indicate that the ribosome has a strong effect on the environment
of neighbouring proteins, and as such it must be understood in order that we can understand its biological
role in protein folding.
Attempts to determine consistent factors that appear to contribute to ribosome interactions have met
with limited success. For example, the his-tag on α-synuclein has a clear effect on interaction with the
ribosome, as does the mutation of lysines to glutamic acid [53]. On the other hand, in the case of FLN750,
no interaction is observed regardless of the presence or absence of the his-tag.
Some of the interactions between protein and ribosome may be incidental. However, the possibility that
this unique environment of the ribosome has an effect on co-translational folding clearly needs to be explored.
Whilst it leads to line-broadening, which renders peaks difficult to observe, it cannot be ignored as it may
be a crucial component in the folding of many proteins.
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In order to further our understanding of this phenomenon, we therefore investigated in greater depth
the interaction between α-synuclein and 70S ribosomes. This interaction is of particular interest, since it is
observed in α-syn nascent chains, and has been the subject of much detailed investigation [53].
The simplest approach towards characterisation of the interaction is a simple concentration titration. This
can be modelled using well known equations for interactions between binding partners in a protein:protein
interaction. The presence of the histidine tag has also been shown to have a strong effect on the interaction,
leading to a significant reduction in peak intensity at the N-terminus in the presence of ribosomes. We also
attempt to characterise the effect of this tag by carrying out titrations of his tagged synuclein (H6-αsyn) in
complement to the wild type.
This work also complements another avenue of research, namely the use of the fluorine nucleus for NMR
spectroscopy. We show in section 5.4 of this chapter how the fluorine nucleus has the potential to provide
unique insight into the nature of protein/ribosome interactions.
5.1 Characterisation of α-synuclein line-broadening in the presence
of ribosomes
Using 15N labelled α-syn samples and unlabelled ribosomes, we carried out 1H-15N HSQC T2 relaxation
experiments on α-syn at various concentrations in the presence of ribosomes.
By measurement of amide proton relaxation rates using a spin-echo HSQC pulse sequence, we are able to
follow the interaction quantitatively, and show that this broadening is consistent with a simple 1:1 interaction
model. This reveals a weak interaction (Kd > 1 mM) with extremely fast kinetics, close to the diffusion
limited association rate. The residue specificity of the technique also allows identification of the area of
binding, which appears localised to both the C and N-termini of the protein.
5.1.1 Sample preparation
Wild-type and polyhistidine tagged human α-synuclein constructs were overexpressed in BL21(DE3) E. coli
cells in minimal (M9) media with 15NH4Cl as the sole nitrogen source. After cell lysis and extraction,
H6-αsyn purification was achieved using an NTA nickel column followed by size exclusion, while the wild
type was purified by ion exchange chromatography and size exclusion on an S75 16/600 GE healthcare gel
filtration column. To obtain unlabelled 70S ribosomes, BL21(DE3) trigger factor knockout (∆TF) cells were
grown in MDG medium to an OD600 of 4-6. We used ∆TF cells since the presence of trigger factor even
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Figure 5.1: 1H-15N HSQC spectra of H6-αsyn. A: Isolated α-synuclein. B: Isolated α-syn (green) at 5
overlaid with a spectrum of α-syn in the presence of a 1:1 mixture (5 µM:5µM) of ribosomes (red). Spectra
were acquired at 700 MHz, pH 7.5 and 4 ◦C.
in small amounts might affect the interaction between α-syn and the ribosome. Cells were lysed by French
press, and the lysate was purifed by ultracentrifugation through a 30 % sucrose cushion followed a 10-30 %
sucrose gradient. Sample purity was assessed by SDS-PAGE.
5.1.2 α-Synuclein line-broadening in the presence of ribosomes
α-Synuclein gives a good quality spectrum, with a narrow amide proton region, diagnostic of an intrinsically
disordered protein (Figure 5.1, left). On mixing with ribosomes, HSQC cross-peaks appear to undergo
substantial line-broadening effects associated with a sharp increase in transverse relaxation rate, R2 (Figure
5.1, right). Comparison of the intensity of HSQC peaks in the presence of ribosomes relative to that in
isolation shows that line broadening is most significant at the C and N-termini (Figure 5.2).
To evaluate the interaction in detail, titrations were carried out on both wild-type and his-tagged synuclein
constructs against ribosomes, and binding was assessed by measurement of amide proton relaxation rates
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Figure 5.2: α-syn HSQC intensity plots in presence of ribosomes. Relative intensities of HSQC cross-peaks
for WT (A:) and his-tagged (B:) α-synuclein in the presence of ribosomes at a 1:1 ratio. A relative intensity
of 1 indicates no broadening in the presence of ribosomes. The line-broadening can be seen to be far more
effective in the presence of the histidine tag. Spectra were collected at 700MHz, 4 ◦C and pH 7.5 in Tico
buffer.
using a spin-echo 1H-15N HSQC method, as described by Iwahara et al. [122]. The observed relaxation rates
obtained for each residue were fit globally to a 1:1 model, described by equation 5.1.1 (for details on the
theory and data fitting, see section 5.2),
R2,obs =
1
2
[
kex + 2R2A + ∆R2,b −
√
k2ex + 2kex∆R2,b(1− 2pB) + ∆R22,b
]
(5.1.1)
where R2,obs is the observed relaxation rate, R2A is the relaxation rate of isolated synuclein, ∆R2,b is the
change in relaxation rate on binding ribosomes (= R2B − R2A), and kex is the rate of exchange between
bound and unbound species.
Each residue was treated individually to give a best fit in terms of R2,b, the dissociation constant Kd
and the association constant kon, using a χ2 minimisation procedure. Global fits are shown in Figure 5.3.
This revealed an optimal value of ∆R2,b for each residue, as well as global values for the Kd and kon. For
wild-type α-synuclein, this suggests a minimum association rate kon of 106 M−1 s−1 while the Kd appeared
to be in the range of 1-20 mM. Repeating the same analysis for H6-αsyn gives a range for the Kd between
300 µM and 16 mM, while association kinetics remained the same.
Although no upper bound was observed for kinetics, one can estimate the maximum association rate to
be 108 M−1 s−1 as this is an estimated maximum diffusion limit arising from consideration of Smoluchowski
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Figure 5.3: Global χ2 surfaces and fits for R2 as a function of concentration. A: Global χ2 surface obtained
from spin-echo relaxation experiments for wild-type α-synuclein. Dotted lines represent the estimated dif-
fusion limited association rate. B: Global χ2 surface obtained from spin-echo relaxation experiments for
wild-type α-synuclein. Dotted lines represent the estimated diffusion limited association rate. Areas with χ2
lower than 30 (green contours) represent good quality fits to the binding model, and so it is clear that for the
Kd, a very broad range of values is allowed. C: Fitted curve showing the agreement between calculated and
observed relaxation rates (equation 5.1.1) for residue 38. D: Fitted curve showing the agreement between
calculated and observed relaxation rates (equation 5.1.1) for residue 135. Grey dotted lines indicate the R2
of free synuclein.
diffusion modified to include electrostatic interactions [123]. The area in which the Kd and kon must lie is
therefore constrained for both constructs (see Figure 5.3).
With these association rate limits, the overall exchange rate kex can be shown to be between 5.2×103 and
1.2 × 104 s−1. This relatively high exchange rate, combined with the somewhat weak interaction, explains
why it is still possible to observe significant line-broadening at 800:1 molar excesses of H6-αsyn, since many
molecules of synuclein are able to transiently bind to a single ribosome in a small time window, leading to
a build up of line-broadening effects.
These results indicate the presence of an extremely weak interaction with diffusion limited association
kinetics. Although the interaction may seem too weak to be biologically relevant, the local concentration of
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Figure 5.4: Ribosome-bound state relaxation rates of α-syn. Plots of the bound state R2, (R2,b) of (A) wild
type and (B) his-tagged α-synuclein in the presence of ribosomes. R2,b values were extracted from the data
fitting procedure described in section 5.3.
a nascent chain undergoing translation at the ribosomal surface is likely to be in the millimolar range, and
hence the interaction may still have the potential to play a role in affecting the folding pathway of translating
proteins. It is also clear that the polyhistidine tag has a notable effect on the interaction, which indicates
that the routine use of this sequence for purification should be considered with some caution. It is likely
that the highly positive charge of the his-tag enhances the affinity for the ribosomal surface, which is largely
negatively charged. However, other his-tagged constructs, such as FLN750, do not show such a substantial
change in peak intensity in the presence of ribosomes, suggesting that electrostatics is not the only factor
one should consider when investigating these interactions.
Inspection of the bound state relaxation rates determined from this analysis (see Figure 5.4) strongly
indicates that binding occurs at the N-terminus, consistent with the reduction in peak intensities. Note that
for the first twenty residues the relaxation rate ∆R2,b exceeds or is close to the estimated kex. This indi-
cates an intermediate to slow exchange regime at the N-terminus, verifying the use of the Bloch-McConnell
equations for calculating these relaxation rates. Beyond the 20th amino acid, fast exchange kinetics begins
to dominate.
To conclude, it has been shown that global fitting of residue specific intensity data to a 1:1 interaction
model can successfully describe the interaction between H6-αsyn and the ribosome, and this also leads to
a successful determination of the bound state relaxation rate. Although we cannot confirm the proposed
binding model at this stage, the fact remains that this is the simplest binding model that fits to the current
data, and so no further complexity, if it exists, can be investigated at this stage.
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Although it is not clear what role this interaction might play in co-translational folding, the work described
here is an important step towards uncovering the nature of protein-ribosome interactions, and shows that
they can be highly dynamic, transient processes as opposed to static events that fix a protein in a specific
conformation for a long duration of time. Perhaps a protein only needs a small amount of time at the ribosome
surface for there to be a significant impact on the overall conformational landscape. If the ribosome surface
presents an environment that is markedly different to that found in the cell cytoplasm, then only a small
amount of time might be required for substantial changes in conformation to be seen. However, the bound
state was not directly observed here, and so it is difficult to evaluate whether it is notably different from the
free state. We can only be sure that it is less dynamic, due to the high transverse relaxation rates that were
measured for the bound state.
As of the moment, there is no means of directly probing, by NMR, the nature of the ribosome-bound
state of a protein, since relaxation is simply too fast. However, in section 5.4 we describe the use of fluorine
NMR to investigate co-translational folding, and show how this unique nucleus may be able to give direct
chemical shifts of ribosome-bound species.
5.2 Background theory for analysis of α-syn titration data
By solving the Bloch-McConnell equations to account for kinetics, we show that the α-syn ribosome inter-
action (Section 5.1) is represented well by fitting to a global Kd and kex alongside residue specific relaxation
rates ∆Ri2,b. Acknowledgements to Dr John Kirkpatrick for help with the background theory and data
analysis provided in this section.
5.2.1 Solution of Bloch-McConnell equations for weak binding to a large species
Given the mass of the ribosome relative to α-syn, the change in correlation time of α-syn residues upon
binding is great enough to induce relaxation rates comparable to or greater than the exchange rate between
the free and bound protein, kex.
In order to account for this intermediate/slow exchange regime, we must seek an appropriate solution to
the Bloch-McConnell equations, taking into account the regular parameters of the Bloch equations (Larmor
frequency, transverse relaxation) and including also an exchange term to account for kinetics.
To appropriately include kinetics, we must also relate exchange rates to equilibrium parameters. Consid-
ering the synuclein-ribosome interaction (equation 5.2.1) from the perspective of the protein alone, we define
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two states, A and B, corresponding to free and bound protein, respectively (equation 5.2.2).
P +R
kon

koff
PR (5.2.1)
A
kAB

kBA
B (5.2.2)
The overall exchange rate kex can be described as the sum of the pseudo first order rate constants kAB and
kBA,
kex = kAB + kBA (5.2.3)
and the relation between kinetics and equilibrium is;
Kd =
koff
kon
(5.2.4)
The off rate, koff , is equivalent to kBA, as both are concentration independent. The forwards rate kAB,
however, is dependent on the concentration of free ribosomes at equilibrium, [R]eq,
kAB = kon[R]eq = kon ([R]0 − [PR]) (5.2.5)
where [PR] is given by;
[PR] =
(
[P ]0 + [R]0 +Kd −
√
([P0] + [R]0 +Kd)2 − 4[P ]0[R]0
2
)
. (5.2.6)
These considerations allow us to build an exchange model based on observing only H6-αsyn (equation 5.2.2),
from which we can determine the parameters of the whole interaction (equation 5.2.1).
For two precessing spins A and B undergoing exchange, the full Bloch-McConnell matrix, accounting for
contributions from chemical exchange (kex), transverse relaxation (R2A/B) and difference in larmor frequency
(∆ω), can be written thus;
d
dt
M+A
M+B
 =
−R2A − kAB kBA
kAB i∆ω −R2A −∆R2,b − kBA
 ·
M+A
M+B
 (5.2.7)
We can denote the original
(
M+A
M+B
)
matrix as
−→
M(t), and the relaxation/exchange matrix as A in which case
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the expression becomes;
d
−→
M(t)
dt
= A · −→M(t) (5.2.8)
which is solved by taking the matrix exponential of
−→
M,
−→
M = eAt
−→
M(0) (5.2.9)
Where
−→
M(0) = ( pApB ), and pA and pB represent molar fractions of A and B, respectively.
The assumption that pB  1 allows the observed spectrum to be described purely in terms of the A state
magnetisation, which we express as a linear combination of two exponentials, λ1 and λ2, the eigenvalues of
A. It can be shown that;
λ1,2 =
1
2
[
−kex − 2R2A −∆R2,b + i∆ω ∓
√
k2ex + 2kex(1− 2pB)(∆R2,b − i∆ω) + (∆R2,b − i∆ω)2
]
(5.2.10)
We can simplify this model, however, by neglecting chemical exchange, assuming ∆ω ∆R2,b. The eigen-
values then become;
λ1,2 =
1
2
[
−kex − 2R2A −∆R2,b ∓
√
k2ex + 2kex∆R2,b(1− 2pB) + ∆R22,b
]
(5.2.11)
Recalling the assumption pB  1 allows us to obtain a first order Taylor expansion in pB;
∆R2,obs =
kex∆R2,b
kex + ∆R2,b
· pB (5.2.12)
(Given that λ1 ≡ −R2,obs). This simplified expression allows us to note the presence of two limits, according
to the relative sizes of ∆R2,b and kex,
kex  ∆R2,b =⇒ ∆R2,obs → ∆R2,bpB (5.2.13)
kex  ∆R2,b =⇒ ∆R2,obs → kexpB (5.2.14)
We note the unusual nature of this slow exchange regime, in that it is due to kex  ∆R2,b as opposed to
the more common kex  ∆ω. This particular kind of extreme is often observed in the case of paramag-
netic relaxation [78], but besides this it is rare to observe slow exchange regimes caused by high transverse
relaxation rates.
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5.3 Minimisation of binding parameters by χ2 analysis
For a given residue i, the χ2 value between intensity that is measured and that which is calculated from trial
binding parameters Kd, kex and Ri2,b is given by
χ2min,i =
∑
titration points
(
[R2,obs]calc − [R2,obs]obs
σ
)2
(5.3.1)
and this can be minimised for all parameters for each individual residue i. We then define the global χ2 as,
χ2global =
∑
resi
χ2min,i{Kd,Kon} (5.3.2)
excluding ∆R2,b since this is determined from χ2min,i and then fixed to a set value, allowing us to treat the
global fit as a sum of χ2 fits for each amino acid. The principal eigenvalue (λ1) from equation 5.2.11 was
used to calculate trial relaxation rates (R2,b) from test values of the binding parameters, by expressing λ1
as a function of Kd, kon and R2,b.
5.4 Advantages and applications of the fluorine nucleus
The use of 19F as a label in NMR spectroscopy has a wide and varied history, owing to its high natural
abundance, large gyromagnetic ratio (94 % that of the proton), and the high sensitivity of its chemical
shift to changes in the local environment. The nucleus has been utilised for NMR based studies of protein-
protein and protein-ligand interactions, protein folding, and drug screening techniques. Since biology is
almost devoid of fluorine, the selective incorporation of this element into proteins allows NMR spectra to be
collected on very specific chemical moieties without any background interference from biological systems.
The fluorine nucleus has been used in a broad range of applications. It has been utilised as a basic probe
of macromolecular structure [124] and protein structure and conformation [125, 126], as well as a means of
studying protein-protein interactions [127, 128], and protein folding [129, 130]. Work is also being developed
to exploit this nucleus for in-cell studies [131–134], exploiting the advantage that fluorine spectra have very
little background signal.
The most common form of fluorine incorporation for protein NMR is to use it to replace a proton. This
has little effect upon sterics, since the atoms have very similar Van der Waals radii. This similarity allows the
above advantages for fluorine to be exploited in biological systems, while also treating the fluorine modified
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systems as similar to their non-fluorinated counterparts. However, the C-F bond is notably more polar than
a typical C-H bond, and so some chemical differences between the two analogs may occur.
Incorporation of fluorine is also used for pharmacological purposes, where the fluorine moiety is inten-
tionally exploited due to its unique chemical properties [135]. This points to a potential issue with the use
of fluorine as an NMR probe, since it is not identical to the proton in terms of chemical behaviour, and can
affect protein structure. In extreme cases, it has been used to drastically alter the fold and properties of a
protein such that it is entirely different from the wild type [136]. As such, care must be taken to ensure that
structural and folding information acquired from fluorine labelled samples actually pertains to a biologically
relevant state of the protein.
The major disadvantage of fluorine lies in its high chemical shift anisotropy (CSA) [129], which leads
to extremely broad resonances for molecules with long correlation times or at higher magnetic fields, and
also makes certain types of 2D experiments extremely difficult to collect [137]. Therefore, in the context of
using fluorine to study nascent chains there is a concern that this will cause resonances on the ribosome to
become unobservably broad when the high CSA is combined with the long correlation time of the massive
ribosome. However, even very broad resonances could yield information about the nascent chain, provided
they are visible at all. This is related to another principle advantage of fluorine, in that it can yield very
clean NMR spectra with only a few peaks, which only correspond to the desired protein. Therefore, provided
we know the origin of a very broad resonance, the absence of interfering peaks would allow us to analyse it
in a way that would be very difficult in proton NMR, for example, where interference from background and
from solvent could render very broad resonances impossible to observe, let alone interpret.
5.5 Methods for incorporation of fluorine into protein samples
In order to incorporate fluorine into an expressed protein, one typically uses a strain of bacteria that has been
rendered auxotrophic for the amino acid one wishes to substitute. A common means of inducing auxotrophy
in otherwise healthy E. coli strains is to include N-(phosphonomethyl)glycine (or glyphosate) in the growth
medium. This broad spectrum herbicide inhibits the enzyme 5-enolpyruvylshikimate-3-phosphate synthase,
which is crucial for the synthesis of aromatic amino acids [126]. Thus, by then ensuring the only source of
aromatics is fluorine substituted, expression can then be induced in the conventional manner, leading to high
levels of fluorine incorporation. Although it does not give the highest substitution yields, this approach is
a simple and easy means of obtaining incorporation of non-canonical analogues of the three aromatic amino
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acids.
An alternative approach is the selective pressure incorporation (SPI) method, where genetically engi-
neered bacterial strains that are auxotrophic for a specific amino acid are incubated in the presence of the
desired non-canonical amino acid. Provided that the new amino acid bears enough similarity to the original,
it can be incorporated into the same tRNA. This approach has been successfully utilised for the incorpora-
tion of numerous amino acid analogs, including trifluoromethionine [138, 139], numerous proline derivatives
[140], fluorohistidine [124], difluoromethionine [125], 4-fluorotryptophan [141], and others.
5.6 Fluorine NMR on isolated proteins
Prior to the production of fluorinated nascent chains, initial investigations into the fluorine NMR proper-
ties of isolated proteins were carried out. In particular, we chose to investigate α-synuclein and domain
5 of the gelation factor (FLN750). In order to incorporate fluorinated aromatic amino acids into the pro-
tein, BL21 cells transformed with the required expression plasmid were grown in a minimal M9 medium
(with the desired labelling, or unlabelled) and when the optical density reached 0.45, the medium was
supplemented with glyphosate and a combination of phenylalanine, tryptophan, and 3-fluorotyrosine. This
method, adopted from Li et al. [126], was used to produce samples of α-synuclein and ddFLN750 substituted
with 3-fluorotyrosine. See section 7.1.7 and 7.1.8 for experimental details. NMR experiments were carried
out on a Bruker Avance 600 spectrometer equipped with a fluorine probe. All chemical shifts were externally
referenced to trifluoroacetic acid (TFA) at -76.55 ppm.
5.6.1 Fluorine NMR of α-synuclein
1D fluorine spectra of 19F-15N labelled α-synuclein show the presence of three adjacent peaks at -136.75,
-136.86 and -136.96 ppm (see Figure 5.5). The peaks appear identical to those identified in the literature
for the same construct [126], after accounting for chemical shift referencing. Hence, while there are four
fluorotyrosine residues in α-syn, we only expect to see three peaks under the conditions used here. The
disordered nature of α-syn causes the peaks to cluster at similar chemical shifts. It is possible to resolve the
fourth peak by mixing the α-synsample with SDS-micelles [126], however the agreement between the spectra
observed here and in the literature was sufficient to confirm a good quality sample.
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Figure 5.5: 19F labelled spectra of 3-fluorotyrosine labelled α-synuclein. A: Chemical structure of 3-
fluorotyrosine. B: 1D 19F spectrum of α-syn. C: T1 inversion recovery experiment. D: T1 inversion recovery
fit. E: T2 CPMG experiment. F: T2 CPMG fit. All spectra were acquired at 600 MHz, pH 7.5 and 25 ◦C.
95
5.6.2 Fluorine NMR of FLN750
19F NMR of FLN750 were also investigated and subjected to similar analyses as α-syn. Four peaks of similar
linewidth were identified, two of which are strongly overlapped (Figure 5.6). The peaks appear at -135.78,
-136.30, -13.44 and -135.2 ppm. There was also a fifth, much broader peak centred at -135.2 ppm, the
identity of which is uncertain. The presence of five peaks is also not consistent with the presence of only 4
tyrosine residues in FLN750.
To investigate the impact of unfolding on the fluorine chemical shift, a 3-fluorotyrosine labelled variant of
FLN750 with a 12 amino acid C-terminal truncation was produced, termed FLN738. This protein is known
to be completely unfolded at room temperature. Inspection of 19F 1D spectra showed signal characteristic
of an unfolded protein, as the fluorine signals have collapsed into a far narrower range of peaks, with only
minimal dispersion (Figure 5.6).
5.6.3 Relaxation measurements of the 19F signal on FLN750 and α-syn
Samples of FLN750 and α-syn were investigated with T1 inversion recovery and T2 CPMG relaxation mea-
surements. At 25 ◦C, the fluorine signal from α-syn yielded a T1 of 548.9± 59.1 ms, and a T2 of 62.1± 2.2
ms. Fluorine signal from FLN750 gave a T1 of 597.4± 59.7 ms and a T2 of 6.9± 1.0 ms.
The T1 values are similar for both proteins since they are of similar size. However, the T2 of α-syn is 1
order of magnitude slower than FLN750, as the more dynamic, disordered α-syn has a shorter correlation
time than the rigid, structured domain 5.
Due to the high CSA of the fluorine nucleus, one can expect the T2 to drop very sharply at higher
magnetic fields, as well as for larger molecular weight species. As such, in the case of nascent chain studies,
it will be important to investigate such samples using weaker fields than those typically used for nascent
chains, such as 500-600 MHz, and to minimise CSA effects by choosing to study systems where dynamic
behaviour (such as is found in a disordered, or unfolded protein) can reduce the local correlation time of
the nascent chain. Therefore, it may be the case that 19F is better suited for the investigation of unfolded
nascent chains, such as α-syn or the FLN750 nascent chains at shorter linker lengths where the unfolded
state is populated on the ribosome.
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Figure 5.6: 19F labelled spectra of 3-fluorotyrosine labelled domain 5. A: 1D 19F spectrum of domain 5. B:
1D 19F spectrum of the truncated form of domain 5 (FLN738), and inset showing the fine structure of the
peaks at -137 ppm. C: T1 inversion recovery experiment of FLN750. D: T1 inversion recovery fit. E: T2
CPMG experiment of FLN750. F: T2 CPMG fit. All spectra were acquired at 600 MHz, pH 7.5 and 25 ◦C.
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Figure 5.7: 1H-15N NMR spectra of the 19F labelled FLN750 protein. A: 1H-15N HSQC spectrum of the 15N
labelled FLN750 domain. B: 1H-15N HSQC spectrum of the 19F-15N labelled FLN750 domain. C: Overlay
of the two spectra (same colour code), zoomed in to highlight the presence of extra, shifted peaks in the
spectrum of the 19F labelled construct.
5.6.4 1H-15N NMR spectra of the FLN750 protein
For further investigation of the FLN750 protein prior to production of the nascent chain, 19F-15N labelled
samples were expressed and purified. HSQC spectra of the FLN750 construct show a good overlay with
the non-19F labelled variant, indicating the presence of the structured protein (Figure 5.7). However, also
observed were numerous extra peaks, and doubled peaks, which is typically indicative of multiple species.
This may be due to differential fluorine labelling, whereby the presence of numerous species leads to multiple
environments for peaks in proximity to the fluorine substitution sites.
The 19F and 1H-15N NMR spectra of FLN750 are not immediately indicative of the nature of the sample
produced. Considering the 19F 1D spectra, the presence of five peaks when there are only four tyrosines
in the primary sequence could be explained by some form of conformational exchange induced by rotation
of one of the fluorotyrosine side-chains, with exchange broadening effects leading to the highly increased
line-width. It is also possible that some scrambling of the labelling occurred, which would lead to fluorine
at other positions. However, one would expect this to lead to many more than five peaks in the fluorine
spectrum, and this scrambling was not observed for 19F labelled α-syn, which was produced in the same way.
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Considering also the 1H-15N HSQC spectra (Figure 5.7), it is clear that the fluorinated domain 5 sample has
many more peaks in the 15N HSQC. The origin of these peaks is not clear. It may be the case that differential
degrees of fluorination - where some molecules have more fluorine substituted sites than others - has lead to
multiple species, and for each species there is therefore a slightly different chemical environment presented to
the remaining nuclei. This might cause a single peak to become shifted depending on whether the nuclei of
that peak are proximal to tyrosine or a fluorotyrosine. This could be probed with a more precise fluorination
approach, where only one amino acid is substituted for its fluorinated analog, or by mutational knockouts of
selected tyrosines, allowing investigation of the impact of fluorination on the remaining tyrosines and other
proximal residues.
Alternately, it may be the case that fluorination of domain 5 leads to some destabilisation of the protein,
causing conformational exchange with other states. This would lead to multiple environments for each
nucleus as a result of the exchange process. This could be investigated further with NMR experiments such
as relaxation dispersion [130] or saturation transfer experiments, which are able to probe conformational
exchange processes.
5.7 Producing a fluorine labelled nascent chain
The α-synuclein and FLN750 nascent chains have both been very well developed in terms of expression and
purification approaches, and so either protein stands as a strong candidate for exploiting the fluorine nucleus.
The FLN750 nascent chain was chosen in the first instance because it allows us to investigate the advantages
of fluorine both in a folded and unfolded context, depending upon linker length. Therefore, the +31 and
+110 FLN750 linker lengths were chosen for initial 19F NMR studies as these represent wholly structured
and wholly unstructured translationally stalled nascent chains.
5.7.1 Method for the effective production of fluorine labelled nascent chains
To incorporate fluorinated amino acid analogs into RNC samples, the standard protocol for growing RNCs
was adapted by inclusion of a step involving glyphosate; cells transformed with the intended nascent chain
construct were grown in unlabelled MDG medium overnight. After 16-18 hours, the cells were harvested
(OD600 = 4− 6) and resuspended in EM9 medium. Isotopes were added last, alongside the glyphosate and
aromatic amino acids. The cells were incubated for 15 minutes to ensure that the OD was still increasing,
and IPTG was added to induce expression. After ten minutes of expression, rifampicin was added, followed
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by a further 35 minutes of incubation, and the cells were harvested. Growth and expression was all carried
out at 37 ◦C.
Purification of the nascent chains was carried out as described in Methods section 7.5.3. Briefly, this
involved a rapid sucrose cushion, followed by nickel affinity chromatography, a second cushion, and final
purification on a butyl column. The samples were then flash frozen in liquid nitrogen and stored at -80 ◦C.
5.7.2 Labelled ribosome growth
Positive controls of fluorinated ribosomes were also grown. Ribosome fluorination was carried out via two
approaches; to maximise the possibility of fluorination, untransformed E. coli were grown to an OD600 of
0.6 in MDG before supplementation with glyphosate and amino acid analogs, and growing the culture to
saturation over 16 hours. Cells were then harvested and purified as normal. Alternately, untransformed cells
were treated to an identical procedure as given for the nascent chain growth; grow to saturation in MDG,
transfer to EM9 and induce, addition of of supplements at identical time points etc. Both these methods act
as controls to assess whether fluorination of ribosomes leads to observable signal that could interfere with
signal from the nascent chain.
5.8 15N NMR of the 15N-19F labelled FLN750 +31 RNC.
5.8.1 Sample preparation
The frozen sample was thawed on ice, and buffer exchanged into fresh Tico buffer (5 ×, 0.5 - 15 ml) to filter
out nascent chain that can release in the freeze/thawing process. The final NMR sample (including 10 %
D2O and 0.01 % DSS) contained 9.8 µM ribosomes with a volume of 300 µl.
5.8.2 NMR spectra of the RNC
All fluorine spectra were recorded at 10 ◦C on a 600 MHz Bruker Avance spectrometer equipped with a
cryogenic probe and a fluorine sensitive channel. SOFAST HMQC spectra were recorded with 1024 time
points in the direct dimension and 64 points in the indirect (15N) dimension. The centre of the spectrum in
the indirect dimension was set to 117 ppm with a sweep width of 22 ppm, corresponding to a resolution of
0.25 ppm (35.5 Hz).
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Figure 5.8: Initial 1D 1H spectra of the 19F labelled nascent chain. A: 1D 1H spectrum of the 19F nascent
chain (black) overlaid with 1D 1H spectrum of unlabelled 70S ribosomes. The similarities in patterns between
the spectra indicates the presence of ribosomes in the 19F labelled sample. B: 15N edited (black) and filtered
(red) HMQC 1D spectra of the nascent chain, scaled to equal intensities for evaluation of the extent of
background labelling. C 1H-15N SORDID-diffusion experiments on 19F labelled nascent chain with gradient
strength G at 100 % Gmax (red) and 15 % Gmax (black).
5.8.3 Initial evaluation of sample quality and integrity
Prior to acquisition of fluorine spectra, the sample was evaluated by standard 1H and 15N spectra in order to
evaluate the quality of the sample via a means that is comparable to other nascent chain experiments. The
sample was therefore evaluated using 1D 1H, 1D 15N edited and filtered SOFAST spectra, and 15N edited
SORDID diffusion experiments. In other words, it was treated to the standard 15N analysis of a nascent
chain (see Section 4.5 for the GA module experiments). These spectra are summarised in Figure 5.8.
Inspection of the 1D 1H spectrum reveals a profile characteristic of purified ribosomes, as shown by
overlaying the RNC 1D spectrum with a 1D spectrum of previously purified ribosomes (Figure 5.8A). There
are also additional peaks characteristic for the nascent chain, that have been observed in previous samples.
There were also some impurities present in the nascent chain sample that could not be identified. However,
the sample was still deemed as sufficient in quality for further analysis by NMR.
The dual experiments of 15N filtered and 15N edited 1D spectra were carried out to highlight the extent
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Figure 5.9: 1H-15N HMQC spectra of the 19F-15N labelled +31 domain 5 (FLN750) nascent chain. A:
Spectrum of the 15N labelled nascent chain, with no fluorine substitution. This acts as a control spectrum
for fluorination. Spectral data was provided by Anaïs Cassaignau. B: Spectrum of the fully 19F-15N labelled
nascent chain. C: Overlay of both spectra, highlighting the high degree of agreement between the two
samples. Note the appearance in both spectra of peaks corresponding to unfolded domain 5 residues.
of 15N labelling of the L7/L12 stalk region of the ribosome. From these spectra, it was estimated that the
background labelling present in the ribosome was 16 % of that of the nascent chain.
SORDID diffusion allowed measurement of the diffusion coefficient D arising from the amide proton
signal, which hence corresponds to the diffusion of the labelled nascent chain. The value of D obtained from
fitting to the Stejskal-Tanner equation (see Equation 4.5.1, Section 4.5.2) was 2.5 × 10−12 m2 s−1. This is
far smaller than expected for a nascent chain, indicating a particularly large species, however this could be
attributed to error associated with the diffusion due to weak signal. Finally, SOFAST HMQC spectra [61]
were also acquired to compare observed resonances with those from previous samples (Figure 5.9).
5.9 Fluorine NMR of the nascent chain
After the initial confirmation of sample quality with the 1H-15N control experiments, it was possible to
acquire fluorine NMR spectra with confidence about the identity of the sample being investigated.
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The sample was analysed by the collection of 19F 1D, T1 relaxation inversion recovery and DOSY diffusion
experiments. The spectra were recorded continuously over a period of 15 hours in an interleaved manner
in order to investigate how the sample was changing over time. Each round of 1D, diffusion and relaxation
experiments took 1.2 hours to collect.
The 1D 19F spectra show a strong signal at -119.2 ppm, which was observed to increase in intensity over
time as the experiment was repeated (Figure 5.11A-B). This signal fits well to a Lorentzian lineshape with
a linewidth of 121 (±1.86) Hz for the first spectrum that was collected, 1 hour after the sample was thawed
and buffer exchanged (Figure 5.11C). The linewidth of the signal was also observed to increase over time
along with the peak intensity (Figure 5.11D).
T1 inversion recovery relaxation experiments were also acquired to determine whether this property
could yield meaningful information on sample quality over time (Figure 5.10). These relaxation experiments
indicated a T1 value of around 1400 ms. However, the error in the measurement of the T1 is too large to
determine how it changes over time. DOSY diffusion experiments were also collected, however they gave
such weak signal that no information on the diffusion of the species could be obtained.
5.9.1 Monitoring sample integrity over time
Alongside the NMR experiments, the sample was also monitored by a parallel western blot analysis (Figure
5.11E-H). As the sample was prepared for NMR, a small aliquot of 20 pmol was taken and kept under exactly
the same conditions as the main sample. This was divided into further 3.5 pmol aliquots which were frozen
at the same time each SORDID experiment was collected, allowing for parallel anti-his western blots to be
carried out at a later date (Figure 5.11E). Densitometry analysis of the western blot was performed using
the imageJ software, which revealed the intensity of the tRNA bound form to remain relatively constant
over time (Figure 5.11G). By combining the western blots, T1 analysis and 1D integrals, we can evaluate
the overall sample integrity. The 1D data would indicate that the sample begins to break down almost
immediately after sample preparation, however there is no evidence of this in the western blot analysis.
Indeed, the origin of the continuously increasing signal at -119.2 ppm is not certain, and the overall integrity
of the sample is therefore difficult to evaluate conclusively. The 15N-SORDID experiments carried out at
the beginning and the end of the 19F experiments indicated that some degree of sample degradation had
occurred (Figure 5.11F-H), although accurate analysis of the diffusion data, as mentioned before, proved
challenging.
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Figure 5.10: 19F T1 inversion recovery measurements of the +31 19F RNC. A: T1 inversion recovery data
collected as soon as possible after placing the sample in the spectrometer. B: Intensity of the T1 spectra
shown in A. C: Fit of the intensities recorded in B to equation 1.7.9. D: 19F T1 values of the nascent chain
over time. These were measured by repeating the analysis displayed in figures A to C on the nascent chain
at incremental time points throughout the data acquisition period.
5.10 1H-15N NMR analysis of the +67 domain 5 19F-15N ribosome-
bound nascent chain
The NMR experiments carried out on the +31 nascent chain were repeated for a 3-fluorotyrosine labelled
sample of the +67 nascent chain. The sample was expressed and purified using an identical approach, as all
FLN750 nascent chains can be purified in the same way.
The +67 nascent chain was prepared from a 2 litre culture, and after purification the sample was split
into two equal halves. The first half was analysed by 1H-15N experiments on a 700 MHz spectrometer, while
the second half was analysed entirely by 19F experiments on the 600 MHz, fluorine capable spectrometer at
Kent university.
In each case, the frozen sample was thawed on ice, and buffer exchanged into fresh Tico buffer (5 ×, 0.5
- 15 ml) to filter out nascent chain that can release in the freeze/thawing process. The final NMR sample
(including 10 % D2O and 0.01 % DSS) contained 7.4 µM ribosomes with a volume of 303 µl for the sample
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Figure 5.11: Fluorine NMR spectra of the +31 RNC, and monitoring sample quality over time. Monitoring
of the 19F NMR signal from the +31 nascent chain over time, as well as parallel biochemical experiments and
SORDID diffusion to monitor sample breakdown over time. A-B: Appearance of the peak at -119.2 ppm in
the 19F spectrum, recorded over a total of 14 hours. The continual increase in the peak integral indicates
that the sample is constantly changing with time. C-D: C shows the first 1D spectrum (from A) fitted to
a lorentzian lineshape in red, showing that a lorentzian fits well to this peak. D shows how the linewidths
measured from the 19F peaks (shown in A) change over time E and G: Anti-his immunoblot analysis of the
nascent chain, and quantification by densitometry. In G, blue bars correspond to samples taken when the
sample was at 600 MHz, and red indicates when the sample was transferred to the 700 MHz spectrometer.
F and H: Appearance of SORDID diffusion spectra at the beginning (F) and end (H) of acquisition of 19F
data on the 600 MHz spectrometer. Gradient strengths were 100 % (red) and 15 % (black) of Gmax.
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at 700 MHz, and with 9.8 µM with a volume of 304 µl for the sample at 600 MHz. Both samples were
prepared in shigemi tubes.
5.10.1 1H-15N NMR spectra of the +67 19F-15N labelled nascent chain.
The 15N spectra were recorded at 10 ◦C on a 700 MHz Bruker Avance spectrometer equipped with a cryo-
genic probe. 15N filtered and 15N edited spectra were initially recorded to estimate the extent of background
ribosome labelling, and the nascent chain signal was estimated from a 15N edited 1D 1H spectrum. The
sample was then analysed by recording 15N SOFAST HMQC correlation spectra, 15N edited SORDID dif-
fusion spectra, and 1D 1H spectra in an interleaved manner over several days, allowing its behaviour to be
monitored systematically over time. The 1H, SORDID and HMQC spectra took 3, 12 and 33 minutes to
acquire respectively, giving a total of 48 minutes per cycle of experiments. This represents the approximate
time resolution of the monitoring of sample degradation. The HMQC spectra are summarised in Figure 5.12,
showing the +67 RNC that was collected in the present work (5.12A) alongside an HMQC of an unlabelled
+21 RNC of the same FLN750 system (5.12B) (data provided by Anaïs Cassaignau). Investigation of the
overlay of these spectra (5.12C) shows that the +67 is missing some key peaks corresponding to disordered
domain 5, as expected for the folded nascent chain.
5.10.2 19F NMR spectra of the +67 19F-15N domain 5 nascent chain
Although the nascent chain was deemed to be of good quality according to the amide signal and immunoblot-
ting analysis, when its analogous sample was analysed by fluorine NMR, it was impossible to observe any
fluorine signal, even after acquiring a single 1D experiment for 20 hours. As such the impact of fluorine on a
structured nascent chain cannot yet be assessed at this stage, although it would appear that the reduction
in tumbling that results from acquiring tertiary structure renders the fluorine linewidth too broad.
5.11 Ribosome binding experiments
If the 19F spectra of the +31 RNC is overlaid with that of isolated domain 5 (FLN750 or FLN738), there is a
huge chemical shift difference between the ribosome-bound and the isolated species (Figure 5.13) of over 15
ppm. This is a striking change in chemical shift to be observed. Hence, to gain a more clear understanding of
the nature of the observed fluorine signal from the nascent chain, NMR spectra of isolated domain 5 samples
were collected while in the presence of ribosomes.
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Figure 5.12: 1H-15N HMQC spectra of the +67 19F-15N labelled +67 nascent chain. A: HMQC of the 19F-
15N labelled +67 domain 5 nascent chain. B: HMQC of the 15N labelled +21 nascent chain (no fluorine).
C: Overlay of both spectra, highlighting peaks missing from the +67 that correspond to unfolded FLN750.
This indicates that the unfolded form of domain 5 is not present when domain 5 is stalled in translation 67
amino acids away from the PTC. Although we do expect the structured form of domain 5 to be present here,
it cannot be observed using 15N labelling as the signal is too broad.
NMR samples were prepared of FLN750 and FLN738 in isolation and in the presence of ribosomes.
Samples were analysed by 1H-15N HSQC/HMQC and 19F 1D spectra. For the ribosome titrations, each
protein was mixed with ribosomes in a 1:1 ratio with 6 µM of protein against 6 µM of ribosomes.
Figure 5.13C-D shows 19F spectra of FLN738 in isolation and in the presence of ribosomes. The ribosome
introduces a small degree of line-broadening in the peaks centred at -137 ppm, suggesting some level of
interaction. Of particular interest is the emergence of a peak at -119.2 ppm, indicating that an interaction
between the unfolded domain and the ribosome leads to an enormous chemical shift change, and the new
state of the protein appears to be similar to the state observed for the nascent chain. Alongside this, spectra
were also acquired of FLN750 in the presence of ribosomes. However, this seemed to lead to a line-broadening
so great that no fluorine signal could be observed. This suggests an interaction with the ribosome which
is also enhanced by the presence of fluorine, since isolated, non-fluorinated FLN750 is known to have no
interaction with the ribosome whatsoever [11].
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Figure 5.13: 19F NMR spectra of the 3-fluorotyrosine labelled nascent chain, and of 3-fluorotyrosine labelled
domain 5 in the absence and presence of ribosomes. A: 19F 1D NMR spectrum of the 3-fluorotyrosine
labelled +31 RNC (scaled by 0.1) showing the presence of a strong peak at -119.2 ppm. B: 19F1D NMR
spectrum of isolated domain 5 (FLN750). C: 19F1D NMR spectrum of isolated domain 5 that has been
C-terminally truncated (FLN738). D: Spectrum of FLN738 in the presence of a 1:1 molar ratio of 70S
ribosomes. All spectra were acquired at 10 ◦C and pH 7.5 on a Bruker Avance 600 spectrometer equipped
with a cryogenic probe. The spectra as displayed have been normalised for concentration and number of
scans.
Evaluation of peak integrals found the following surprising observation. After normalisation for number
of scans and concentration, the integral of the peak at -119.2 ppm in the +31 RNC was found to be 106,
relative to the integral of 43.4 for the isolated FLN750 peak, 25.2 for isolated FLN738, and 23 for FLN738
in the presence of ribosomes (including the peaks at -119.2 and -137 ppm). The origin of this discrepancy is
uncertain, nevertheless it seems clear that the ribosome environment is responsible for a large change in the
chemical environment, given its impact upon the chemical shift of fluorine.
We also investigated 3-fluorotyrosine in the presence of ribosomes. Figure 5.14 shows the results of
this titration. What is immediately clear is that the large change in chemical shift that was observed in
the FLN738 titration and on the nascent chain is also found here, suggesting that 3-fluorotyrosine may be
influencing the interaction of the protein with the ribosome as opposed to revealing a native interaction.
The spectra in Figure 5.14 also show a large baseline distortion. This distortion is due to the presence
of fluorine in the hardware of the spectrometer, influencing the appearance of the spectra. Removing this
distortion is sometimes possible by baseline corrections, as was the case for previous spectra, but in this case
the distortion proved more difficult to eliminate.
To ensure that the signal originating at -119.2 ppm came from the interaction of protein or 3-fluorotyrosine
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Figure 5.14: 19F 1D spectra of 3-fluorotyrosine in the presence of ribosomes. A: 1D 19F NMR spectrum of
90 µM 3-fluorotyrosine in isolation (blue) and at 6.8 µM in the 1:1 presence of ribosomes (red). To reduce
noise, these spectra were processed with 500 real points in the FID. This truncation reduces the detail in
peak structure, but allows the small peak at -119.2 ppm to be observed clearly above the noise. B: The same
spectrum as shown in A, zoomed in to show the peaks at -136.6 ppm. This spectrum was processed with no
FID truncation, allowing the observation of greater detail in the fine structure of the peaks. Spectra were
collected at 500 MHz on a bruker avance spectrometer equipped with a fluorine probe. The spectrum of
isolated 3-fluorotyrosine was collected in 1024 scans, while the spectrum of 3-fluorotyrosine in the presence
of ribosomes was collected with 19968 scans (ca. 18 hours). The broad line-width observed in the presence
of ribosomes may be due to exchange broadening with the bound state of 3-fluorotyrosine.
with the ribosome, and not from background labelling of the ribosome itself, NMR spectra were carried out
on ribosomes produced under conditions that maximised the chance of incorporation of the fluorinated analog
(see Methods section 7.6.1). Even after acquisition of a 19F 1D spectrum for over 18 hours, no signal was
observed on these fluorinated ribosomes, regardless of the method used to produce them.
One of the most striking features of the peak at -119.2 ppm is that it can be observed at all. One might
expect the high CSA of the fluorine nucleus to preclude from it being able to report on the ribosome-bound
state of any species. Although this is not understood, it is extremely useful and promises to yield a great
amount of new information about the role of the ribosome surface in co-translational folding.
Another striking feature is the large difference in chemical shift between the bound and free states of
3-fluorotyrosine. Again, the origin of this difference is not understood, but it may suggest that the ribosome
surface acts as an extremely different environment from the rest of the surrounding solution, whether aqueous
or cellular.
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5.12 Discussion
The capacity of fluorine for investigating nascent chains is clear. The observation of an interaction between
fluorine labelled domain 5 and the ribosome surface is of particular interest due to the observation of the
ribosome-bound state of the protein. However, the significance of this state is unclear, since it appears
to be the tyrosine itself that interacts with the ribosome, rather than a case of the tyrosine revealing an
interaction with the nascent chain that was already present. However, the ability of the fluorine nucleus to be
observed even when apparently bound to the 2.3 MDa 70S complex is an extremely important feature that
may be invaluable for further studies, since to the best of our knowledge there is no precedent for the direct
observation by NMR of the ribosome-bound state of any molecular species. The large change in chemical
shift is also a unique result, which indicates that the ribosome surface is a highly unique environment that
has extreme effects upon the chemical environment of the species it interacts with. The extreme nature of the
environment is also hinted at by the interaction between α-synuclein and the ribosome, where very strong
line-broadening of amide proton signal is observed. Further to this, the ability of the ribosome to cause
precipitation of numerous proteins is again suggestive of a highly unique environment that can adversely
affect the stability of a protein outside the context of the cellular environment. The ability of fluorine to
therefore investigate this environment where more conventional nuclei cannot makes it potentially a very
powerful nucleus, and we hope that its further use in the investigation of ribosome bound nascent chains will
provide unprecedented insight into the mechanism of co-translational folding and nascent chain/ribosome
interactions.
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Chapter 6
Conclusions
In conclusion, with the lineshape simulations shown in Chapter 2 it was possible to provide theoretical insight
into the limitations and advantages of the slow and fast exchange regimes in the context of a ribosome-bound
nascent chain. Specifically, we saw that in an appropriate context, fast exchange chemical shift timescales
may be able to provide more detailed information about the folding behavior of an RNC than has been
observed for the slow exchanging systems that have currently been developed, such as the domain 5 protein.
These simulations could be expanded upon, with a deeper investigation of different exchange rates and
transverse relaxation rates. Another approach would be to determine if it is possible to detect changing
kinetics. For example, as exchange kinetics near the mid-point of folding of a protein are typically slower,
one could replicate this effect in a simulation to observe how this affects the spectra. The difficulties in
this approach are that one very quickly starts producing large quantities of data, which takes up time and
disk space, and the effective analysis of such data can be very challenging. However, with the appropriate
simulation parameters, this method can help to give a strong proof of principle for a potential approach,
before it is embarked upon experimentally.
From the simulations, we determined that fast folding proteins may have an advantage that could be
exploited on the ribosome by NMR. Two candidate nascent chains - the HP36 and the GA module - were
therefore selected as they are known to have extremely fast folding kinetics in isolation. They are now
currently in the process of development towards testing the hypothesis posited regarding the advantages of
fast exchange for studies of folding on the ribosome.
Initial kinetic studies on these proteins (in Chapter 3) proved problematic, as it appeared that at room
temperature we could not reproduce the fast exchange kinetics that had been observed in the literature. This
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is probably due to the combination of the effects of urea and the lower temperatures used in this thesis than
those used in the literature. Nevertheless, given that it is very difficult to predict the effect of the ribosome
itself on folding kinetics, it was decided that the HP36 and the GA module are strong candidates for the
exploration of fast exchange in this context.
Although the HP36 proved extremely difficult to work with as a nascent chain, some success was obtained
with the GA module, as it was possible to express and purify a GA module ribosome-bound nascent chain
in quantities sufficient for NMR spectroscopy (Chapter 4). We were not able to subsequently observe the
GA module on the ribosome, however it is very likely that with further development this protein will serve
as a powerful complement to the slow folding domain 5 nascent chain. We also expect that further work on
successful expression of the HP36 should yield similar progress as was obtained for the GA module. These
two proteins promise to lead to exciting new insights into the nature of co-translational folding as studied
by NMR spectroscopy.
The impact of the ribosome surface was striking when considering its interactions with numerous proteins,
including the HP36 and the GA module. Although such interactions are problematic, as they lead to line-
broadening effects, their potential relevance to the phenomenon of co-translational folding cannot be ignored.
Observations of the impact of the histidine purification tag indicate that electrostatics might play a role in
the interaction of proteins with the ribosome surface. However, there is also evidence of a hydrophobic driven
effect. The addition of arginine to NMR buffers lead to a great reduction in the extent of line-broadening
observed for the GA module and the HP36 in the presence of ribosomes. Given that arginine has been shown
to aid in solubilisation of hydrophobic regions of proteins, this indicates a potentially hydrophobic driven
mechanism of interaction between ribosomes and proteins. Mutational studies on the GA module and the
HP36 would be very useful here, to probe the impact of electrostatics or hydrophobicity though appropriate
mutations. Repetition of the ribosome binding experiments described in Section 3.5 with such mutations
might help to provide some insight into the impact of hydrophobicity/electrostatics on the nature of the
protein:ribosome interaction. This would complement the work by Knight et al. [3] and Deckert et al. [53],
both of which focussed on understanding the nature of the interaction of nascent chain with the ribosome
surface.
Some understanding of the interaction between protein and ribosome was gained through the studies of
α-synuclein in Chapter 5. From these titrations, combined with relaxation measurements, it was shown that
a simple 1:1 interaction model fits well to the data we currently have on the interaction between α-syn and
the ribosome particle. This model indicates that the interaction between α-syn and the ribosome is weak
112
and transient, but since it occurs extremely rapidly, this leads to an accumulation of line-broadening effects
that render the bound-state unobservable. The extremely rapid kinetics might suggest a highly non-specific
interaction, as opposed to binding to a specific area of the ribosome, and since the α-syn was free, it had
access to the entire ribosome surface in a way that a nascent chain would not. However, this may still have
some biological relevance, and further work on the interaction, combined with studies of the nascent chain,
will help to elucidate this further.
Perhaps one of the most surprising results was the direct observation of what appeared to be a ribosome-
bound species through the 19F nucleus (at the end of Chapter 5). For 1H, 15N and 13C, the ribosome-bound
chemical shift of these nuclei cannot be observed. However, as shown in Figure 5.13 and Figure 5.14, whenever
3-fluorotyrosine is in the presence of 70S ribosomes, a very broad low field shifted peak emerges. This was
observed on the 19F labelled nascent chain, as well as for isolated 3-fluorotyrosine.
The capacity of the fluorine nucleus to to provide direct observation of large, fast relaxing species is
likely to be an extremely powerful addition to the toolkit of NMR spectroscopy for the study nascent
chains. In particular, 19F NMR may be extremely valuable for in-cell NMR studies of RNCs [142], where
uncluttered signal, and observation of very fast relaxing species, is extremely important for reliable studies.
However, there were some problems regarding the efficiency of fluorine labelling. In particular, further work
to characterise the 19F labelled sample of domain 5 that was produced will need to be carried out, since it
is unclear how effective the labelling process was for this protein. It is also very important to subsequently
optimise the method used to produce fluorine labelled samples, to ensure that high quality, fluorine labelled
samples can be reliably produced.
Nevertheless, there is some evidence that fluorine signal could be observed on RNCs, and the effect of
the ribosome on the chemical shift of fluorine in 3-fluorotyrosine indicates that the ribosome surface acts
as an environment markedly different to the surrounding aqueous solution. This is supported by the line-
broadening effects on other nuclei, and the tendency of ribosome solutions to induce precipitation of some
proteins. We can therefore conclude that the ribosome is clearly having an effect on proteins as they are
translated, and the fluorine nucleus may become an ideal choice for detailed investigation of such interactions
if it is able to show the directly ribosome-bound state of a molecular species.
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6.1 Future work on co-translational folding
Despite its remarkable power and versatility, NMR spectroscopy will always be limited by the correlation time
of the ribosome, making the observation of species near to the centre of the ribosome almost impossible. The
combined results of cryo-electron microscopy [45, 143] and x-ray crystallography [57] have been instrumental
in determining the structure of the core of the ribosome, but it was only by combining these results with
NMR studies that it was possible to also obtain structural information on the flexible outer-regions of the
70S particle [50].
In the future, it will be the combination of data gathered from all three of these extremely powerful tech-
niques, on high quality samples of translation stalled products, in conjunction with computational studies,
that will give the greatest level of insight into the structure and folding behaviour of proteins as they are
bound to the ribosome, from the PTC to the surface.
As well as this, there are investigations to be made into real time studies, using more rapid techniques
such as dynamic fluorescence depolarisation [144]. Although the technology at the time of writing has not
yet achieved this, it may be feasible that a technique such as fluorescence depolarisation could be used on
a protein translating on the ribosome in real time. One could even circumvent the problem of inhomoge-
neous translation by performing single molecule fluorescence studies, [145] thus providing unparalleled time
resolution on the translation process.
Almost all studies of co-translational folding, both here and in the bulk of the literature, have been
carried out on E. coli ribosomes. These are the easiest to purify and the most well understood. However,
co-translational folding as it occurs on eukaryotic ribosomes, and in particular, the human ribosome, can
be viewed as a logical end-point of many of the efforts described here and elsewhere. Again, the technology
for the purification of eukaryotic ribosomes does not produce samples in sufficient yield for much more than
crystallographic studies [146], and although this has provided a great wealth of information on the complexity
and structure of such species, it is not at the level of detail that has been obtained for prokaryotes.
In recent years, eukaryotic nascent chains have in fact begun to be investigated. Zhang et al. successfully
investigated model proteins as RNCs in a yeast translation system, using UV crosslinking and biochemical
assays [147]. This signifies the emergence of a new revolution in the study of co-translational folding. Hence,
all the work that has been carried out on the systems described in this thesis, and in the literature, on
prokaryotic ribosomes, could well be repeated on their eukaryotic counterparts. This represents a general
progression towards a more realistic description of co-translational folding in a human-physiological context,
using human ribosomes and human proteins, to truly understand how the proteins in our bodies adopt the
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structures required for their function.
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Chapter 7
Materials and Methods
7.0.1 NMR spectra
Spectra were acquired on a range of different spectrometer frequencies. Due to the wide range of criteria
behind each individual experiment, these details are provided in the results section alongside each relevant
experiment. Spectrometers used included the frequency range of 500, 600, 700 and 800 MHz, with the
use of cryogenically cooled probes. The 500 and 600 MHz spectrometers were also equipped with a fluorine
probe. All spectrometers were bruker instruments, and data processing was carried out in NMRpipe. Further
analysis was also carried out in matlab, where stated [67]. All spectrometers were Bruker Avance instruments.
Sample preparation
All work involving living samples was carried out in the presence of a yellow flame, using preparatory reagents
sterilised by autoclaving or filtering through a 0.22 µm filter. Unless otherwise stated, all reagents were
obtained from Sigma-Aldrich. All centrifuging equipment was purchased from Beckmann Coulter Genomics.
7.1 Production and purification of protein samples
7.1.1 Plasmid transformation
1 µl of recombinant plasmid DNA containing the gene of interest was added to a 25 µl aliquot of competent
BL21 DE3 (gold) E. coli cells. Transformation was induced by incubation on ice for 30 mins, followed by a
45 second heat shock at 42 ◦C. Addition of 950 µl of LB medium was followed by aeration at 37 ◦C (30-60
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mins). The resulting culture was centrifuged (tabletop centrifuge, 13,000 rpm, 4 mins) and the supernatant
discarded. The pellet was resuspended in the LB that remained of the supernatant, spread onto an LB
agar plate (1% ampicillin or kanamycin, as required) and incubated at 37 ◦C (16 hours). Each colony from
the overnight plates could then be used to inoculate further growth media for expression of the protein of
interest.
7.1.2 Standard growth and expression media
All protein samples were produced using standard E. coli expression techniques. For expression of unlabelled
proteins, transformed cells were grown in LB medium (5 g l−1 yeast, 10 g l−1 NaCl, 10 g l−1 Tryptone) with
appropriate antibiotics.
For isotopic labelling, an LB preculture was used to inoculate a 15N and/or 13C supplemented M9 medium
for expression. M9 salts are added as a 10 × stock (See below for recipes).
Other stock solutions included an EM9 medium for expression of nascent chains, a non-inducing MDG
medium for growing cultures to high cell densities, and a trace metals solution;
M9 medium:
1× M9 salts, 4 g l−1 glucose (2 g l−1 if 13C labelled), 1 g l−1 15NH4Cl, 100 µM CaCl2, 2 mM MgSO4,
10 ml l−1 BME vitamins (Sigma), 100 mg l−1 ampicillin (or 30 mg l−1 kanamycin).
10× M9 salts:
30 g l−1 KH2PO4, 67.9 g l−1 Na2HPO4, 5 g l−1 NaCl, pH 7.5
EM9 medium:
1× EM9 salts, 1 g l−1 15NH4Cl, 4 g l−1 glucose, 2.5 ml l−1 BME vitamins (Sigma), 200 µM CaCl2, 5
mM MgSO4, 0.25× trace metals
10× EM9 salts:
0.5 M Na2HPO4, 0.25 M KH2PO4, 10 M NaCl, pH 8.0-8.2
MDG medium:
1× MDG salts, 0.25 % (w/v) L-aspartic acid, 2 mM MgSO4, 0.2 × trace metals, 4 g l−1 glucose, 100 mg
l−1 ampicillin (or 30 mg l−1 kanamycin).
25× MDG salts:
0.625 M Na2HPO4, 0.625 M KH2PO4 1.25 M NH4Cl, 0.125 M Na2SO3
Trace metals (1000× stock):
50 mM FeCl2 (dissolved in 0.1 M HCl), 20 mM CaCl2, 1 mM MnCl2·4H2O, 1 mM ZnSO4·7H2O, 2 mM
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each (CoCl2·6H2O, CuCl2·2H2O, NiCl2·6H2O, Na2MoO4·2H2O, Na2SeO3·5H2O, H3BO3), all filtered (0.22
µm).
A 1000× stock solution of rifampicin was also prepared, at 150 mg ml−1 in DMSO, for expression of 15N
labelled RNC samples against an unlabelled background.
7.1.3 Expression of 15N labelled α-synuclein
A single colony of transformed BL21 cells containing the α-syn or H6-αsyn gene was added to LB (5ml,
1% ampicillin) and aerated for 5 hours (250 rpm, 37◦C). 100 µl of this pre-culture was added to 100 ml
LB medium (1% ampicillin) and aerated (37 ◦C, 250 rpm, 16 hours, OD600 ≈ 2-3). The pre-culture was
centrifuged at high speed for 10 minutes, and the resulting pellet resuspended in M9 medium (50 ml, no
nitrogen source). To clean the pellet of remaining LB, the sample was centrifuged and resuspended twice
more before resuspension in 2 litres of M9 medium (0.1% (w/v) 15NH4Cl), to an OD600 of 0.1. Aeration
continued at 37 ◦C and 250 rpm until the OD600 reached 0.6. Expression was induced by addition of 1 mM
IPTG followed by further aeration for 4 hours. The final culture was harvested by centrifugation at 4,000
rpm for 20 minutes in a JLS 8.1 rotor, and stored at -20 ◦C.
7.1.4 Purification of α-syn and H6-αsyn
Cells containing expressed α-syn were thawed and resuspended in a lysis buffer (100 mM Tris-HCl, 10 mM
EDTA, 2 mM BME, protease inhibitors (Roche, 1 tablet per 50 ml), pH 8.0). Cells were lysed by two liquid
nitrogen freeze thaw cycles and subsequent sonication (6 cycles, 30 seconds on/30 seconds off). Cellular
debris was pelleted by centrifugation (18,000 rpm, 30 minutes, SS34 rotor) and the remaining supernatant
was boiled for 20 minutes. The lysate was cleaned again by centrifugation (30 minutes, 13,500 rpm), and the
supernatant stirred with streptomycin sulphate (10 mg for 1 ml of supernatant, 4 ◦C, 20 minutes). Another
centrifugation step was followed by precipitation of the protein with ammonium sulphate (400 mg ml−1, 4
◦C, 30 minutes). After a final centrifugation step, the supernatant was discarded and the pellet resuspended
in < 5 ml of buffer A (25 mM Na2HPO4, 150 mM NaCl, 2 mM β-mercaptoethanol, pH 7.5), before dialysis
against buffer A (4 litres, 4 hours). This dialysis step was repeated to ensure complete exchange into buffer
A.
The sample was then purified by size exclusion on an S75 16/600 gel filtration column equilibrated
in buffer A. The eluent was collected in 2 ml fractions, and the fractions containing the pure protein, as
evaluated by SDS-PAGE, were pooled and concentrated in a 5 kDa centrifugal cutoff filter. Purity was
118
assessed again by SDS-PAGE, and concentration was determined from the absorbance at 260 nm (A260).
The purification of H6-αsyn was identical to that of the wild type protein, however an additional nickel
column step was added prior to size exclusion;
After dialysis, the sample was bound to an NTA nickel resin purchased rom Qiagen (2 hours, 4 ◦C). The resin
was washed with buffer A (250 ml), and Bradford reagent was used to assess when all unwanted proteins had
been cleaned from the resin. The protein was then eluted by addition of 150 mM imidazole to the buffer,
and eluent was collected until the Bradford reagent indicated elution had stopped ( 150 ml). Final yield was
0.5 mM in 1 ml from 1 litre of culture of H6-αsyn, as determined by the OD280.
7.1.5 Purification of GA module
The GA module was expressed by addition of 1 mM IPTG to bacterial growth at an OD600 of 0.6 and
incubation at 37 ◦C for 6 hours. Cells were harvested by centrifugation and stored at -20 ◦C.
Frozen cells were resuspended in lysis buffer (tris, pH 7.5, 20-30 ml per litre of growth). The cells were
lysed by 3 liquid nitrogen freeze thaw cycles, followed by sonication (8 cycles, 30 seconds on, 30 seconds
off). After centrifugation at 18,000 rpm (45 minutes, SS34) the supernatant was loaded onto a nickel resin
equilibrated in tris buffer and left to bind for 2 hours. The resin was washed with 200 ml of tris buffer, until
bradford assay indicated that all impurities had been washed away, and the sample was eluted with 250 mM
imidazole in tris buffer (pH 8.0, 100-150 ml). Immediately following elution, the sample was concentrated to
less than 5 ml and loaded onto a 16/600 S75 gel filtration column (GE healthcare). The GA module eluted
at 94 ml. Elution was collected in 1.5 ml fractions, and purity assessed by SDS-PAGE before pooling and
concentration of the most pure fractions. At this stage, the sample could be stored at -80 ◦C.
TEV cleavage of the GA module
To remove the his-tag, the GA module was incubated in a molar excess of TEV protease for 16 hours at 4
◦C. The resulting solution was then bound to a nickel column for two hours, and the flow through collected.
The flow through contained only the cleaved GA module. This was further purified by another size exclusion
step to remove residual impurities.
7.1.6 Expression and purification of NTL9-HP36 fusion protein
The pET3a-NTL9-FXa-HP36 plasmid was transformed into competent BL21 DE3 E. coli. A preculture in
LB medium was used to inoculate a 15N labelled M9 medium which was grown at 37 ◦C and 250 rpm until
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reaching an optical density of 1.5. Expression was then induced by addition of 1 mM IPTG and incubation for
four hours at 37 ◦C. Cells were harvested (4000 rpm, 20 minutes) and either stored at -20 ◦C or immediately
lysed by 2 freeze thaw cycles and sonication (8 × 30 seconds on/off) after resuspension in lysis buffer (20
mM Tris pH 7.5). The insoluble fraction was removed by centrifugation (18,000 rpm, 45 minutes, SS34)
and loaded onto an ion exchange SP sepharose column. The fusion was eluted in a 0-2M NaCl gradient and
further purified by gel filtration on a 16/600 S75 column.
Cleavage of fusion protein using factor Xa
The fusion protein was incubated in the presence of factor Xa for 16 hours at 24 ◦C in a cleavage buffer (50
mM Tris-HCl, 100 mM NaCl, 5 mM CaCl2, pH 8.0). 2 units of factor Xa were added for each milligram of
protein. After cleavage, the protein was purified by HPLC on a C8 preparative column. The cleaved protein
was eluted in a linear gradient from buffer A (0.1 % TFA in H2O) to buffer B (90 % acetonitrile, 99.9 %
H2O, 0.1 % TFA). The gradient was applied over 100 minutes after initially washing the column in 100 %
buffer A for 10 minutes. Both the NTL9 and HP36 containing fractions were pooled separately and dried
on a rotary evaporator. The solid was then stored at -20 ◦C.
7.1.7 Expression of 19F labelled α-synuclein
Expression via glyphosate approach
An LB preculture of BL21 cells transformed with the α-syn plasmid was used to inoculate an M9 medium
composed of the required isotopic components (15N). This was incubated (37 ◦C, 200-250 rpm) until it
reached an OD600 of 0.4. At this stage, the medium was supplemented with glyphosate (500 mg l−1), D-L
3-fluorotyrosine (35 mg l−1), L-phenylalanine (30 mg l−1) and L-tryptophan (30 mg l−1). This was allowed
to incubate for a further 30 minutes (OD600 = 0.6-0.7), before induction by addition of 1 mM IPTG. The
flask was then incubated at 37 ◦C for 16 hours before harvesting of cells. The sample was purified using the
method described in section 7.1.4.
7.1.8 Expression and purification of 19F labelled FLN750
Expression via glyphosate approach
An LB preculture of BL21 cells transformed with the domain 5 plasmid was used to inoculate an M9
medium composed of the required isotopic components (15N). This was incubated (37 ◦C, 200-250 rpm)
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until it reached an OD600 of 0.4. At this stage, the medium was supplemented with glyphosate (500 mg
l−1), D-L 3-fluorotyrosine (35 mg l−1), L-phenylalanine (30 mg l−1) and L-tryptophan (30 mg l−1). This
was allowed to incubate for a further 30 minutes (OD600 = 0.6-0.7), before induction by addition of 1 mM
IPTG. The flask was then incubated at 37 ◦C for 16 hours before harvesting of cells.
Expression via auxotroph approach
A bacterial strain auxotrophic for tyrosine known as C43(DE3) ML14 [148–150] was transformed with the
FLN750 plasmid. A preculture in LB medium was prepared, and used to inoculate an EM9 medium sup-
plemented with L-tyrosine (3.6 mg l−1) and D/L-3-fluorotyrosine (36 mg l−1). Expression was induced with
1 mM IPTG when the cells reached an optical density of 0.65 and incubated for 16 hours at 37 ◦C. This
process of expression was repeated in an identical manner for the FLN750 and FLN738 constructs. The
ML14 auxotrophic strain was kindly donated by Dr Toshio Iwasaki of Nippon Medical School.
7.1.9 Purification of the FLN750 and FLN738 proteins.
Cells were resuspended in lysis buffer (20 mM Tris pH 7.5) and lysed by 2 liquid nitrogen freeze thaw cycles
and sonication (8 cycles, 30 seconds on/off). The soluble fraction was isolated by centrifugation (18,000 rpm
45 minutes, SS34), and the supernatant loaded onto a nickel IDA resin equilibrated in Tris pH 7.5. Elution
was induced with 250 mM imidazole, and the subsequent elution was purified further by size exclusion
(16/600 S75, GE healthcare, 20 mM Tris pH 7.5). The purification process was identical for the FLN750
and FNL738 proteins.
7.1.10 Expression and purification of TEV protease
A triple mutant variant of the H6-TEV-MBP construct was grown in an autoinduction medium (TB (60 g
l−1), glycerol (10 ml l−1), 1 % ampicillin) for 8 hours at 37 ◦C, until growth saturation was obtained. The
temperature was then reduced to 30 ◦C and incubation continued for 14 hours before harvesting the cells.
Purification of the protease
Cells were suspended in a lysis buffer (25 mM Na2PO4, 20 % (v/v) glycerol, 500 mM NaCl, 20 mM imidazole,
1 mM BME, 100 mg lysozyme, 1 tablet Roche protease inhibitors, pH 7.5, 5 ml per gram of cells) and
incubated at 4 ◦C with rotation for 20 minutes. The cells were lysed by sonication (6 cycles, 30 seconds
on/off) whilst keeping them chilled on ice and the cellular debris was pelleted by centrifugation (18,000
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rpm, 45 minutes, SS34 rotor). The soluble fraction was filtered through a 0.45 µm filter before being loaded
onto a HisTrap HP column (GE Healthcare) equilibrated in buffer A (as lysis buffer, minus lysozyme and
inhibitors).
The column was washed with a combined flow of 98 % buffer A and 2 % buffer B (as buffer A, plus 500
mM imidazole). The TEV was eluted in a gradient from 2 % to 100 % buffer B over 20 column volumes
(100 ml), collecting 2 ml fractions. Fractions were checked for the presence of TEV (30 kDa) and MBP (45
kDa) by SDS-PAGE. Fractions that contained more TEV than MBP were pooled and twice dialysed into a
dialysis buffer (25 mM Na2PO4, 200 mM NaCl, 10 % (v/v) glycerol, 5mM BME, pH 7.5) (1 litre, 4 ◦C for
16 hours or 25 ◦C for 4 hours).
The dialysed TEV was concentrated down to 5 ml, or until aggregation started to occur, at which point
excess TEV was frozen in liquid nitrogen and stored at -80 ◦C. The remaining TEV was then filtered (0.45
µm) and purified on a 16/600 S75 gel filtration column (GE healthcare) equilibrated in a size exclusion (SEC)
buffer (as dialysis buffer, filtered (0.22 µm) and degassed). The elution was collected in 1.5 ml fractions.
Fractions were evaluated for purity by SDS-PAGE, and pure fractions were pooled and concentrated to
between 5 and 20 mg ml−1 of TEV. The protein was split into 50 µl aliquots, snap frozen and stored at -80
◦C. The concentration of TEV was evaluated by measuring the absorbance at 280 nm (A280 = 1.126 =⇒
1 mg ml−1).
7.2 DNA manipulation techniques
7.2.1 Site directed mutagenesis and PCR amplification
All mutagenesis and amplification reactions were carried out using a KOD hot start DNA polymerase kit
purchased from Novagen.
Mutagenesis reactions were prepared by mixing 1 µl of template DNA with MgSO4 (25 mM, 1.5 µl),
dinucleoside triphosphates (dNTPs, 2 mM, 2.5 µl), forward and reverse primers (10 µM, 0.4 µl) KOD buffer
(10 ×, 2.5 µl) and KOD DNA polymerase (0.5 µl). autoclaved water was added to the mixture to make a
final volume of 25 µl.
The PCR cycle began with 2 minutes of denaturation at 95 ◦C, followed by 20 repetitions of a denature,
anneal, elongation cycle (95 ◦C 2 minutes, 55 ◦C 10 seconds, 70◦C 3 minutes) and a final elongation step
(70 ◦C, 5 minutes) before reducing temperature to 25 ◦C. 5 µl of PCR product was used to confirm reaction
success by electrophoresis on an agarose gel, and parent DNA was digested by addition of the enzyme dpnI
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(New England Biolabs, 1µl), 10 × cutsmart buffer (2.5 µl) and water (1.5 µl) to the remaining 20 µl of
product. This was incubated at 37 ◦C for 1 hour, and 1 µl of the product was transformed into DH5α cells,
which were grown on LB plates in presence of the appropriate antibiotics. Single colonies were grown in LB,
miniprepped (DNA purification kits from Qiagen) and DNA was sequenced by New England Biolabs (NEB).
Colony PCR
For rapid identification of products from ligation reactions (see Section 7.4.3), colony PCR using Taq DNA
polymerase (NEB) as the elongation enzyme was used to directly determine if colonies of transformed cells
contained the intended plasmid. A reaction mixture was prepared containing 10 × Taq buffer (2.5 µl),
forwards and reverse primers (10 µM, 1.25 µl), dNTPs (2 mM, 2.5 µl), and Taq DNA polymerase (0.5 µl) in
a total volume of 25 µl of autoclaved water. A clean tip that had been scraped over a cell colony was briefly
suspended in the reaction mixture to inoculate it with bacteria. The rection cycle consisted of an initial
95 ◦C denaturation step, followed by 30 repetitions of a denaturation, annealing, elongation cycle (95 ◦C1
minute, 55 ◦C 1 minute, 72 ◦C 0.5 minutes) and a final elongation step (72 ◦C2 minutes). Reaction success
was checked by gel electrophoresis.
7.3 Production of nascent chains
7.4 Cloning
To produce plasmids capable of expressing ribosome-stalled nascent chains, a combination of site directed
mutagenesis and DNA digestion/ligation techniques were used to modify existing plasmids to incorporate
the proteins of interest to this study.
7.4.1 GA module cloning
A kanamycin resistant plasmid capable of expressing the GA module was kindly donated by Dr Sarah Lejon.
The N-terminus contained a thrombin cleavable hexahistidine tag followed by an NdeI digestion site (codon
sequence CATATG; amino acid sequence HM);
MGSSHHHHHHSSGLVPRGSHMTIDQWLLKNAKEDAIAELKKAGITSDFYFNAINKAKTVEEVNALK
NEILKAHA
The thrombin site (LVPRGS) was replaced with a a TEV cleavage site by mutagenesis. A SacI site (GAG
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CTC; EL) was inserted at the C-terminus. The NdeI site was then removed and replaced beyond the his-tag,
so that the final sequence at this stage was as follows;
MHMSHHHHHHSSGENLYFQGTIDQWLLKNAKEDAIAELKKAGITSDFYFNAINKAKTVEEVNALKN
EILKAHAEL-stop.
This sequence translates to the following; NdeI-H6-TEV-GA-SacI. The final product was amplified by
miniprep from 5 ml of DH5α in LB (16 hours, 37 ◦C).
7.4.2 Digestion of modified GA module and nascent chain plasmids
40 ul of DNA plasmid with an estimated concentration of 400 ng µl−1 was mixed with the SacI restriction
digestion enzyme (3 µl, 10 units µl −1) in the presence of 1 × BSA and 1 × cutsmart buffers, with a total
volume of 100 µl. The mixture was incubated at 37 ◦C for 3 hours.
After digestion, the plasmid was purified on a resin and eluted in 40 ul of tris pH 8.0. The digestion step
was then repeated on the clean DNA sample, replacing SacI with NdeI, cleaving the GA module fragment
from the plasmid DNA. This fragment was isolated by electrophoresis on a 1 % agarose gel. the GA module
fragment was then excised from the gel and purified using a gel excision kit.
To generate the RNC plasmid, it was necessary to then produce a complementary vector into which the
GA module insert could be placed. For this, the dom5+110 RNC plasmid was used;
NdeI-H6-dom5-SacI-dom6(+110)-SecM
This was also treated to the same NdeI SacI digestion ligation procedure. At the excision stage, the larger
fragment, known as the vector was isolated and purified by electrophoresis and excision.
7.4.3 Recombination of GA module fragment and nascent chain vector by lig-
ation
The concentrations of the GA module Insert and plasmid vector were estimated by the absorbance at 260
nm. The size of the insert was calculated to be 0.19 kb, while the vector was estimated to be 9 kb, by
inspection of the electrophoresis gel. From this, the molar concentration of vector and insert was estimated.
For the ligation, four molar concentration ratios of insert:vector ratio were trialled; 3;1, 5:1, 10:1 and
20:1. Each ligation reaction was composed of 100 ng of insert in the presence of the appropriate quantity of
vector. Final reaction volume was 20 µl in 1 × DNA ligase buffer and 1 µl T4 DNA ligase (400 units).
Alongside these reactions, 3 control reactions were also prepared; vector control 1 (no insert), vector
control 2 (no insert, no ligase), and insert control (no vector). All reactions were incubated at 16 ◦C for 16
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hours (or 25 ◦C for 1 hour) followed by heat deactivation at 65 ◦C for 20 minutes. The reactions were then
chilled on ice.
5 µl of each ligation reaction was transformed into 25 µl of DH5α E. coli cells and grown on LB-Ampicillin
plates. The insert control was grown on an LB-kanamycin plate since the insert came from a kanamycin
resistant plasmid. The success of the reaction was confirmed when the control reactions gave relatively few
or no colonies on their respective LB plates, while the true reactions did yield colonies. When this result
was obtained, 6 colonies were selected at random from the successful reaction plates and used to inoculate
5 ml of LB media (ampicillin) and to initiate a colony PCR reaction (see Section 7.2.1), using as the primer
a sequence that recognises the GA module.
The products of the PCR reaction were investigated by electrophoresis, and the reactions that strongly
yielded product were identified as likely to contain the desired plasmid. These reactions were hence tested by
DNA sequencing of the miniprepped product of the respective LB growth. Successful reactions were stored
at -20 ◦C.
7.4.4 Production of RNC plasmid for the HP36 nascent chain construct
The HP36 RNC construct was produced using a similar method as described for the GA module RNC as
described above, however the vector used was the α-1 antitrypsin (AAT) +110 RNC instead of the dom5+110
RNC. This construct contains a TEV cleavage site already between the N-terminal his-tag and the start of
the AAT sequence, allowing its incorporation onto the HP36 RNC. The NTL9-HP36 fusion construct and
the AAT RNC construct were as follows;
NTL9-Xa(cleavage)-HP36
H6-TEV-AAT-SacI-dom6+110-SecM-Stop
In order to remove the AAT sequence from the vector, an NheI site was amplified in between the TEV and
and AAT encoding sequences, allowing the vector to be used to generate the constructs shown in section 4.1.
7.5 Large scale growth and expression of 15N labelled ribosome-
bound nascent chains
A single colony of competent BL21 DE3 transformed with the required RNC plasmid was used to inoculate a
5 ml culture of LB medium (+1 % ampicillin). This was incubated at 37 ◦C for 4-8 hours until it was almost
opaque with growth. 500 µl of this culture was used to inoculate 500 ml of a non-inducing MDG medium
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(1 × MDG salts, 0.25 % (w/v) L-aspartic acid (from 5 % w/v stock, pH 7.0, autoclaved), 2 mM MgSO4,
0.2 × trace metals, 0.4 % w/v glucose, 100 mg l−1 ampicillin). This medium was incubated for 16-18 hours
(overnight) at 37 ◦C and 250 rpm, until the stationary phase of growth was reached (OD600 3-4). Once
saturation was reached, the cells were centrifuged (3000 rpm, 25 minutes, 4 ◦C Beckmann JLA 8.1 rotor).
The cell pellet was resuspended in 500 ml of 1 × EM9 salts with gentle shaking, and pelleted again. This
step was repeated once more, and the cell pellet was again resuspended in 20 ml of prepared EM9 medium
(minus isotopes), and distributed evenly into two 500 ml flasks of EM9 medium. Expression was induced by
addition of IPTG (1 mM), and isotopes (15NH4Cl, 1 g l−1) were added as the final step before incubation
at 37 ◦C and 200 rpm.
Incubation proceeded for 10 minutes, at which point rifampicin was added to the flask (final concentration
150 mg/L), and incubation continued for a further 35 minutes. The cells were then immediately chilled on
ice, before harvesting at 4000 rpm for 20 minutes. The cells could be stored at this stage at -20 ◦C, after
being frozen in liquid nitrogen.
The expression time is optimal for maximising the extent to which the ribosomes in the culture are
occupied with stalled nascent chains and minimising the extent of background isotopic labelling and nascent
chain release. The rifampicin is used to inhibit the activity of RNA polymerase [117], preventing further
ribosome growth in the labelled medium, and hence minimising the extent of background ribosome labelling.
7.5.1 Growth and expression of 15N-19F labelled nascent chains
The method described in the above section was modified to include a step for the incorporation of fluorine.
After the resuspension of cells in the inducing EM9 medium and addition of isotopes, glyphosate (500 mg
l−1) was added alongside 3-fluorotyrosine (35 mg l−1), phenylalanine (30 mg l−1) and tryptophan (30 mg
l−1). The culture was incubated for 10 minutes before induction by addition of IPTG, at which point the
protocol resumed the sequence described in the above section (i.e., addition of rifampicin after 10 minutes,
followed by harvesting of cells after a further 35 minutes).
7.5.2 Purification of nascent chains; sucrose gradient method
The cell pellet was thawed in a water bath at 37 ◦C, and resuspended in lysis buffer. The cells were then
lysed by french press (6 passes, 1000 psi), pelleted by centrifugation (18,000 rpm, 45 min, SS3 4 rotor), and
the soluble fraction loaded onto a sucrose cushion (30 %). The cushion was centrifuged at 30,000 rpm for
16 hours, yielding a brown pellet at the bottom of the tube. After disposal of the sucrose cushion and the
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careful removal of excess sucrose with a clean paper towel, the tube was inverted, to allow the brown pellet
to gently slide off, revealing a clear pellet underneath, which corresponds to the ribosome fraction. This
pellet was resuspended in buffer B1 (5 ml per litre of growth) with gentle shaking at 4 ◦C. To accelerate
resuspension, a round edged glass rod was used to gently perturb the pellet into the buffer.
The resuspended pellet was bound to an IDA-Nickel resin equilibrated in buffer B1 for 2 hours at 4 ◦C.
After washing in B1 for 150 ml, the nascent chain was eluted in buffer B2, collecting the first 150 ml of
eluent (Bradford reagent was used to assay when the sample had eluted).
The eluent was immediately diluted by half in buffer B4, and concentrated to approx. 5 ml using a 100
kDa cutoff centrifugal filter. The total yield and purity of ribosomes was measured at this stage by evaluating
absorbance at 260 and 280 nm, and a maximum of 6000 pmol was retained for further purification. Any
excess was frozen in liquid nitrogen and stored at -80 ◦C.
The 6000 pmol of crude sample that was retained was then passed through a 10-30% sucrose gradient. A
total of 6 type45Ti tubes were each loaded with ca. 1000 pmol of ribosome solution and centrifuged (22,000
rpm, 15 hours, 4 ◦C). The gradient was then collected in 1 ml fractions by suction from the bottom of the
tube, and fractions were monitored with a 280 nm absorbance readout. The pure 70S containing fractions
were identified by silverstained SDS-PAGE (Figure 4.2B), pooled, concentrated and exchanged into Tico
buffer (5×, 15 ml to 0.5 ml) before being snap frozen in liquid nitrogen and stored at -80 ◦C.
Concentration was evaluated by measurement of the OD260. It is known from the literature that the
following formula yields the ribosome concentration in µM;
[ribosomes] (pmol ml−1) = OD260 × 24 (7.5.1)
To assess purity, the OD260/OD280 ratio was measured to be 1.8, which is within the acceptable range
for bacterial ribosomes of 1.9 ± 0.1. The yield from a single gradient of six tubes was typically 0.5 ml of 8
µM sample. The typical nascent chain yield from 1 litre of culture was typically 4-6000 pmol.
7.5.3 Purification of nascent chains; butyl column method
Further to the method described above, a more efficient protocol has since been developed for the purification
of nascent chains. This protocol, detailed below, was used for the purification of the 19F labelled +31 and
+67 FLN750 nascent chains described in Chapter 5.4.
After cell lysis and centrifugation, the supernatant was loaded onto a sucrose cushion and centrifuged for
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4.5 hours at 44,000 rpm. After resuspension of the pellet in buffer B2, the solution was bound to a nickel
IDA resin and eluted as described above. The eluent was concentrated and loaded onto a second sucrose
cushion, and centrifuged for 16 hours at 30,000 rpm. At this stage, the pellet was again resuspended, in
buffer B5hs (1.5 M NH4SO4, 20 mM Hepes, 400 mM KOAc, 12 mM MgOAc, 2 mM BME, 0.1 % protease
inhibitors, pH 7.5).
This sample was then loaded onto a hydrophobic exchange column equilibrated in B5hs. The column was
washed to baseline in high salt, followed by a further wash step at 80 % of the maximum salt concentration.
Ribosomes were eluted by application of a reverse gradient of high to low salt concentration (buffer B5hs
to buffer B5ls. Buffer B5ls is identical to buffer B5hs with no ammonium chloride). The 70S containing
fractions of the eluent were pooled, concentrated, flash frozen in liquid nitrogen, and stored at -80 ◦C.
7.6 Production and purification of unlabelled 70S ribosomes
The following standard solutions of salts and trace metals were used;
50×salts solution: 1.25 M Na2HPO4, 1.25 M KH2PO4, 2.5 M NH4Cl, 0.25 M Na2SO3, filtered.
1000×trace metals solution: 50 mM FeCl2 [dissolved in 0.1 M HCl], 20 mMCaCl2, 1 mM each of {MnCl2.4H2O,
ZnSO4.7H2O}, 2 mM each of {CoCl2.6H2O, CuCl2.2H2O, NiCl2.6H2O, Na2MoO2.2H2O, Na2SeO3.5H2O,
H3BO3}, all filtered.
BL21 DE3 trigger factor knockout (∆TF) E. coli cells were cultured for 16 hours on LB agar, before inocula-
tion of a single colony into MDG medium (1×salts, 0.2% (v/v) L-aspartic acid, 0.4%(v/v) glucose, 0.2×trace
metals, 2 mM MgSO4, 5 ml) and aeration for 16 hours (37 ◦C, 250 rpm). 500 µl of this mixture was added
to 1 litre of MDG medium before further aeration for 22 hours (OD600 = 4-6). The culture was harvested
(4000 rpm, 20 minutes, Beckmann JLA 8100) and the cell pellet was stored at -20 ◦C.
The cells were resuspended in lysis buffer (50 mM Hepes, 1 M KOAc, 12 mM Mg(OAc)2, 2 mM β-
mercaptoethanol, 5 mM EDTA, 0.2% w/v lysozyme, trace DNASE, protease inhibitor (Roche, 1 tablet per
50 ml), pH 7.5, 15 ml), and lysed by French press (∼1000 psi, 3 passes). After the third pass, the sample
acquired a darker brown hue and was notably less viscous. The sample was pelleted (18,000 rpm, 45 min,
SS34).
The supernatant (15 ml) was divided amongst 6 sucrose cushions (45 ml, 30% in Tico buffer) in type45Ti
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tubes, and centrifuged (40,000 rpm, 12 hours, 4 ◦C). After wiping away excess sucrose, the clear pellets
were resuspended in a total of 10 ml of buffer B (50 mM Hepes, 1 M KOAc, 12 mM Mg(OAc)2, 2 mM β-
mercaptoethanol, 5 mM EDTA, 5 mM ATP, pH 7.50). Concentration was estimated by OD260 measurements
to be 4 µM in 10 ml.
The crude ribosome samples were passed through a 10-30% sucrose gradient. A total of 6 type45Ti tubes
were each loaded with ca. 1000 pmol of ribosome solution and centrifuged (22,000 rpm, 15 hours, 4 ◦C). The
fractions containing 70S ribosomes were collected and pooled together before exchanging into Tico buffer
(plus protease inhibitors). Concentration was evaluated by measurement of the OD260. To assess purity, the
OD260/OD280 ratio was measured to be 1.8, which is within the acceptable range for bacterial ribosomes of
1.9 ± 0.1. Silverstained SDS-PAGE also confirmed the purity of the ribosome samples obtained. The yield
from a single gradient of six tubes was typically 0.5 ml of 8 µM sample.
7.6.1 Production of 19F labelled 70S ribosomes
Fluorine labelled ribosomes were produced via two approaches - the glyphosate approach and the auxotrophic
strain approach;
Glyphosate approach
BL21 DE3 ∆TF E. coli cells were grown in 500 ml of MDG medium to a cell density of 0.54. The culture
was supplemented with glyphosate (500 mg l−1, L-phenylalanine (80 mg l−1), L-tryptophan (80 mg l−1)
and D/L-3-fluorotyrosine (70 mg l−1). The culture was then incubated at 37 ◦C and 230 rpm for 16 hours
(OD600 = 3.7), and harvested by centrifugation (4000 rpm, 20 minutes).
Auxotroph approach
Untransformed C43 (DE3) ML14 E. coli cells were grown for 16 hours (37 ◦C 200 rpm, OD600 = 1.47) in 500
ml of MDG medium supplemented with tyrosine (7.2 mg l−1) and 3-fluorotyrosine (72 mg l−1). Cells were
then washed and resuspended in EM9 medium with the same aromatic supplement. Incubation proceeded at
200 rpm and 37 ◦C for 10 minutes, followed by addition of 1 mM IPTG, and then rifampicin after another 10
minutes. After rifampicin was added, the culture was incubated for 35 minutes at 37 ◦C before harvesting.
This sample was produced under conditions that replicate the expression of a nascent chain construct, with
the aim of acting as a control for background labelling of ribosomes that may occur from expression of
nascent chains. Purification of the fluorinated ribosomes then proceeded as described in section 7.6.
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7.7 Preparation of sucrose gradients
Two stock solutions of sucrose were prepared in buffer B4, at 10 % and 30 % (w/v) sucrose. To prepare the
gradient, 17 ml of each solution was poured into a gradient maker, which mixed the solutions together as
they were drawn by suction into the SW28 tube. Mixing began with mostly 30 % sucrose, and gradually
became more dominated by the lower concentration as the tube filled up. This gave 34 ml of a linear 30-10
% sucrose concentration gradient.
7.8 Immunoblotting with anti-his and anti-SecM antibodies
After electrophoresis, the contents of the acrylamide gel was wet transferred onto a nitrocellulose blotting
membrane in the presence of a transfer buffer (20 % MeOH, 14.4 g l−1 glycine, 6.6 g l−1 Tris-Base, 1 %
SDS). Transfer was induced at 25 volts, 250 milli amps and 25 watts for 2 hours.
For anti-his immunoblotting, the membrane was blocked by incubation at room temperature in a 1 %
(v/v) casein solution in TBS buffer (2.42 g l−1 Tris-Base, 11.69 g l−1 NaCl, pH 7.4) for 1 hour. The
membrane was then incubated in 5 ml of a 1/5000 dilution of anti-his antibody (Qiagen) in TBS-T buffer
(TBS, 0.05 % tween-20) at 4 ◦C for 2 at least hours, or overnight. The membrane was washed in TBS-T
(3 × 10 minutes) and visualisation was induced by addition of 1 ml of a peroxide solution followed by 1 ml
of enhancer (SuperSignal West Pico Chemiluminescent Substrate Kit, Thermoscientific) and the membrane
was visualised by detection of chemiluminescence.
For anti-SecM immunublotting, membrane blocking was carried out in 5 % BSA in TBS-T for 1 hour
at room temperature. The membrane was then incubated in a 1/10,000 dilution of the primary antibody
(anti-SecM) in 2 % BSA and TBS-T at 4 ◦C for at least 2 hours. The membrane was washed in TBS-T
(4 × 10 minutes) and bound to a 1/20,000 dilution of the secondary antibody (anti-rabbit, Cell Signalling
Technology) in 2 % BSA and TBS-T. The membrane was washed again in TBS-T (4 × 10 minutes) and
visualised with a combination of the pico (1 ml each of peroxide and enhancer) and femto (100 µl) visualisation
solutions.
7.9 NMR experimental data collection
NMR spectra were collected on Bruker instruments at 500, 600, 700 and 800 MHz as described in the main
body of the text. All data was processed in NMRpipe, and further analysis and data fitting procedures were
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Wild type α-syn titration His-tagged α-syn titration
[α-syn] / µM [ribosomes] / µM [H6-αsyn] µM [ribosomes] / µM
8.9 9.5 6.7 6.4
19.5 9.3 18.5 6.1
39.4 8.9 46.3 5.6
90.0 7.9 103.4 5.3
170.9 7.5 223.3 4.6
380.1 6.4 317.5 4.0
641.5 5.3 - -
Table 7.1: Concentrations used in the α-syn and H6-αsyn ribosome titrations. All samples prepared from
stock solutions of ribosomes, α-syn and H6-αsyn as required. All samples consisted of Tico buffer in 10 %
D2O and 0.01 % DSS, with 0.1 × protease inhibitor cocktail.
carried out in matlab.
7.9.1 Titration of α-syn and H6-αsyn with ribosomes
All NMR samples were prepared by exchanging α-syn, H6-αsyn, or ribosome solution into Tico buffer (pH
7.5) containing the standard Roche protease inhibitor cocktail (1 tablet for each 100 ml), and 10% D2O.
For both the α-syn and H6-αsyn titrations, the stock solutions of protein and ribosomes were mixed in
various combinations to produce a range of concentration ratios, which are detailed in Table 7.1.
7.9.2 Urea titrations of isolated proteins
Each urea titration was carried out by one of two approaches, as detailed below;
Approach one - Two stock solutions of the protein of interest were prepared with equivalent protein
concentrations. One stock solution contained no urea, and the second stock was high in urea concentration
(10 M). The titration was then constructed by dilution of the urea to appropriate concentrations by mixing
appropriate volumes of the two samples. This approach was used for the HP36 titration.
Approach two - Alternately, urea was added directly to the protein sample as a solid. the change in
volume was accounted for by taking the molal volume of urea and using this to calculate the change in
volume upon addition of a given mass of urea to an aqueous solution of known volume at 25 ◦C. Calculations
were made using data obtained from Motin et al. [151]. This approach was used for the GA module titration.
All titrations were carried out at pH 5.0.
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7.10 Circular dichroism experiments
Circular dichroism data was collected on a chirascan plus CD spectrometer equipped with a xenon lamp.
Before switching on the lamp, the system was purged with a nitrogen atmosphere.
CD spectra were acquired by measuring the circular dichroism of a sample in 1 nm increments, wth
1 second for each measurement. For temperature melts, CD spectra were acquired at increments of 1 ◦C
between 25 and 90 ◦C. Urea titrations were prepared in the manner as described above in section 7.9.2.
7.11 Data treatment
Raw NMR data was processed using NMRpipe [152], and diffusion coefficients were determined using the
NMRpipe package dosyView. The ccpn analysis tool [119] was used to visualise HSQC spectra and was also
used to measure peak intensities. The curve fitting procedures used to determine binding constants from the
relaxation experiments data were executed using MATLAB [67].
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7.12 Error analysis
Error propagation was carried out using standard methods, as described by Bevington and Robinson [153].
For the combination and transformation of the variables u and υ, the resulting errors are described below,
where a and b are constants.
x = u± a σx = σu (7.12.1a)
x = au± bυ σ2x = a2σ2u + b2σ2υ ± abσ2uυ (7.12.1b)
x = auυ σ2x =
(
σ2u
u2
+
σ2υ
υ2
+
2σ2uυ
uυ
)
(7.12.1c)
x = a
u
υ
σ2x =
(
σ2u
u2
+
σ2υ
υ2
− 2σ
2
uυ
uυ
)
(7.12.1d)
x = aub σx = bx
σu
u
(7.12.1e)
x = ebu σx = bxσu (7.12.1f)
x = abu σx = (bx ln a)σu (7.12.1g)
x = a ln bu σx = a
σu
u
(7.12.1h)
The σuυ term is a cross correlation error, which is 0 when u and υ are uncorrelated.
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Appendix A
NMR Lineshape Simulation Script
The following Matlab script was used to produce the lineshape simulations presented in Chapter 2.
tic % Set timer
clear all % Always ensure the workspace is empty
kex = [10 100000].*2*pi; % Set slow and fast exchange kinetics. Multiply by 2*pi for comparison
with angular frequency
pA = 0:0.1:1; % set unfolded state populations
pB = 1-pA; % set folded state populations
% For the purposes of comparison, pB is equivalent to pF, and pA is
% euivalent to pU
% Set appropriate relaxation rates for amide protons and methyl protons in
% folded and unfolded protein states.
R2A_15N = 25*2*pi; % estimated unfolded peak relaxation rate (amide proton)
R2B_15N = 300*2*pi; % estimated folded peak relaxation rate (amide proton)
R2A_13C = 25*2*pi; % estimated unfolded peak relaxation rate (methyl proton)
R2B_13C = 53*2*pi; % estimated folded peak relaxation rate (methyl proton)
% Set realistic values for chemical shifts of folded and unfolded states
wA = 350*2*pi;
wB = 0*2*pi;
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% NMR experiment acquisition parameters. These represent real experimental
% parameters that would be set up for the acquisition of a 1D experiment
sample_time = 1/5000; % Sampling frequency of experiment in seconds (i.e., 0.2 ms per
signal measurement)
t = 0:sample_time:(1023 *sample_time); % points in time at which data is collected
at = t(end); % total amount of time in which the FID signal is collected
sw = 1/sample_time; % sweep width (defines maximum resolvable frequency. Also the
offset)
res = 1/at; % resolution of signal in Hz
S2N = [5 10 15 20 25 30 35 40]; % The S2N variable is used to control the amount of artifical
noise added to the simulated signal
% Generate frequency domain values for after fourier transformation of the time domain signal
freq = -sw/2:res:sw/2;
% Optional Apodisation window function. Simulations also works well without this function
apod = cos(pi/2*t/max(t)).^2;
% Generate data for all values of S2N, kex and pB
for k = 1:length(S2N)
for n = 1:length(kex)
for o = 1:length(pB)
for q = 1:20 % Repeat 20 times so that error in frequency can be measured for fast
exchange spectra
Lambda_13C = [-(R2A_13C-1i*wA)-pB(o).*kex(n) kex(n).*(1-pB(o))
pB(o).*kex(n) (-(R2B_13C-1i*wB) + kex(n).*(pB(o) - 1)) ];
Lambda_15N = [-(R2A_15N-1i*wA)-pB(o).*kex(n) kex(n).*(1-pB(o))
pB(o).*kex(n) (-(R2B_15N-1i*wB) + kex(n).*(pB(o) - 1)) ];
M0 = [pA(o)
pB(o)];
for p = 1:length(t)
M_13C = expm(Lambda_13C*t(p))*M0;
M_15N = expm(Lambda_15N*t(p))*M0;
FID_13C(p,k,n,o,q) = M_13C(1)+M_13C(2);
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FID_15N(p,k,n,o,q) = M_15N(1)+M_15N(2);
end
% add noise
FID_13C(:,k,n,o,q) = awgn(FID_13C(:,k,n,o,q),S2N(k));
FID_15N(:,k,n,o,q) = awgn(FID_15N(:,k,n,o,q),S2N(k));
% apply window function
FID_13C(:,k,n,o,q) = FID_13C(:,k,n,o,q) .* apod’;
FID_15N(:,k,n,o,q) = FID_15N(:,k,n,o,q) .* apod’;
end
end
end
end
% The FID_13C and FID_15N variables now comprise 5D matrices containing FID
% signal generated for a range of values of exchnage kinetics (kex), A-B
% population distribuitons (pB) and signal to noise (S2N). For each value
% of kex, pB and S2N, we therefore have a time domain signal corresponding
% to those parameters.
% For each value of kex, pB and S2N, we also
% generated the same signal 20 times, as the stochastic nature of the noise
% leads to an error in peak position which can be estimated through
% repetition.
% We now take the Fourier transform the FID signal generated above
for k = 1:length(S2N)
for n = 1:length(kex)
for o = 1:length(pB)
for q = 1:20
FT_13C(:,k,n,o,q) = (fftshift(fft(FID_13C(:,k,n,o,q))));
FT_15N(:,k,n,o,q) = (fftshift(fft(FID_15N(:,k,n,o,q))));
end
end
end
end
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toc % Total time for simulation was 7 hours (macbook pro late 2013 2.6GHz intel i7 processor
with 16GB RAM)
save simulation_data % Allow for the quick loading of the simulated dataset for future testing
%%
load simulation_data % Remove comment to load simulated dataset if you
% already have it
%% Plot spectra
% This section of script reproduces the spectra displayed in figures 2.1,
% 2.2, 2.3 and 2.4 in chapter 2.
%% Plot methyl proton spectra, slow exchange
for p = 1 % Select slow exchange spectra
for k = 1:length(S2N) % All signal to noise values
for o = 1:length(pB) % All values of pB
subplot(2,4,9-k) % Plot spectra with the strongest signal to noise first
for q = 1
hold on
test13C = reshape(real(FT_13C(410:666,k,p,:,q)),length(freq(410:666)),length(pB))’; %
Extract desired component of matrix and reshape/transpose.
w = waterfall(freq(410:666),pB,test13C);
set(w,’edgecolor’,’k’,’linewidth’,1.5)
set(gca,’fontsize’,30)
highlight13C = reshape(real(FT_13C(481:544,k,p,:,q)),length(freq(481:544)),length(pB)
)’; % Plot in red the peak we intend to use for measurement of pB/pF.
h = waterfall(freq(481:544),pB,highlight13C);
set(h,’edgecolor’,’r’,’linewidth’,1.5)
xlim([-500 750])
ylim([0 1])
zlim([-5 30])
view(5, 50)
% xlabel(’Frequency / s^{-1}’)
% ylabel(’p_F’)
% zlabel(’Signal’)
end
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end
end
end
%% Plot methyl proton spectra, fast exchange
for p = 2 % Select fast exchange spectra
for k = 1:length(S2N)
for o = 1:length(pB)
subplot(2,4,9-k)
for q = 1
hold on
test13C = reshape(real(FT_13C(410:666,k,p,:,q)),length(freq(410:666)),length(pB))’; %
Extract desired component of matrix and reshape/transpose.
w = waterfall(freq(410:666),pB,test13C);
set(w,’edgecolor’,’k’,’linewidth’,1.5)
set(gca,’fontsize’,30)
xlim([-500 750])
ylim([0 1])
zlim([-5 30])
view(5, 50)
%xlabel(’Frequency / s^{-1}’)
%ylabel(’p_F’)
%zlabel(’Signal’)
end
end
end
end
%% Plot amide proton spectra, slow exchange
for p = 1
for k = 1:length(S2N)
for o = 1:length(pB)
subplot(2,4,9-k)
for q = 1
hold on
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test15N = reshape(real(FT_15N(410:666,k,p,:,q)),length(freq(410:666)),length(pB))’; %
Extract desired component of matrix and reshape/transpose.
w = waterfall(freq(410:666),pB,test15N);
set(w,’edgecolor’,’k’,’linewidth’,1.5)
set(gca,’fontsize’,30)
highlight15N = reshape(real(FT_15N(554:607,k,p,:,q)),length(freq(554:607)),length(pB)
)’; % Plot in red the peak we intend to use for measurement of pB/pF.
h = waterfall(freq(554:607),pB,highlight15N);
set(h,’edgecolor’,’r’,’linewidth’,1.5)
xlim([-500 750])
ylim([0 1])
zlim([-5 30])
view(5, 50)
% xlabel(’Frequency / s^{-1}’)
% ylabel(’p_B’)
% zlabel(’Signal’)
end
end
end
end
%% Plot amide proton spectra, fast exchange
for p = 2 % exchange rate
for k = 1:length(S2N)
for o = 1:length(pB)
subplot(2,4,9-k)
for q = 1 % experiment repeats
hold on
test15N = reshape(real(FT_15N(410:666,k,p,:,q)),length(freq(410:666)),length(pB))’; %
Extract desired component of matrix and reshape/transpose.
w = waterfall(freq(410:666),pB,test15N);
set(w,’edgecolor’,’k’,’linewidth’,1.5)
set(gca,’fontsize’,30)
xlim([-500 750])
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ylim([0 1])
zlim([-5 30])
view(5, 50)
% xlabel(’Frequency / s^{-1}’)
% ylabel(’p_B’)
% zlabel(’Signal’)
end
end
end
end
% After confirming the spectra, we now proceed to calculate populations from these spectra using
% measurments of peak heights (slow exchange) or peak position (fast
% exchange)
%% Measurement of peak heights for slow exchange datasets
% For amide protons we measure the height of the sharper, unfolded peak at
% ca 350 Hz. Inspection of the freq variable shows that this is point 585 in
% the frequency domain signal.
% For methyl protons, we measure the height of the broader, folded peak at
% ca. 0 Hz. Inspection of the freq variable shows that this is point 513 in
% the frequency domain signal.
for p = 1 % Investigate slow exchange spectra
for k = 1:length(S2N)
for o = 1:length(pB)
for q = 1 % No need to repeat experiments for peak heights. Error comes from noise
height_13C(o,k) = (real(FT_13C(513,k,p,o,q))); % Height at point 513 (2.4438 Hz)
height_15N(o,k) = (real(FT_15N(585,k,p,o,q))); % Height at point 585 (354.35 Hz)
end
end
end
end
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% measure noise in spectra to determine error in peak height
for p = 1
for k = 1:length(S2N)
for o = 1:length(pB)
for q = 1
Sigma_13C_height(o,k) = std(real(FT_13C(881:1024,k,p,o,q))); % Between point 881 and
1024 we only see noise
Sigma_15N_height(o,k) = std(real(FT_15N(881:1024,k,p,o,q)));
end
end
end
end
% Calculate pB values
for k = 1:length(pB)
pB_calc_13C_slow(k,:) = height_13C(k,:)./(height_13C(1,:)); % Normalise with respect to highest
peak
pA_calc_15N_slow(k,:) = height_15N(k,:)./(height_15N(end,:));
end
% propagate errors in calculated pB values (see Error analysis section in methods for details of
error propagation)
for k = 1:length(pB)
pB_err_13C_slow(k,:) = sqrt(((Sigma_13C_height(k,:).^2)./(height_13C(k,:)).^2) + ((
Sigma_13C_height(1,:).^2)./(height_13C(1,:))));
pA_err_15N_slow(k,:) = sqrt(((Sigma_15N_height(k,:).^2)./(height_15N(k,:)).^2) + ((
Sigma_15N_height(end,:).^2)./(height_15N(end,:))));
end
%% Regression analysis of slow exchange datasets
for k = 1:length(S2N)
[A] = fitlm(1-pA_calc_15N_slow(:,k),pB);
residual_15N_slow(k) = A.Rsquared.Ordinary; % R-square values for amide proton slow exchange
dataset
[B] = fitlm(pB_calc_13C_slow(:,k),pB);
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residual_13C_slow(k) = B.Rsquared.Ordinary; % R-square values for methyl proton slow exchange
dataset
end
%% Plot calculated versus true pF values for methyl proton spectra in slow exchange
figure
for k = 1:length(S2N)
for q = 1
subplot(2,4,9-k)
hold on
errorbar(pB,pB_calc_13C_slow(:,k),pB_err_13C_slow(:,k),’kx’,’linewidth’,1.5)
plot(0:1,0:1,’k’,’linewidth’,1.5)
set(gca,’fontsize’,30)
xlabel(’p_F’)
ylabel(’p_{F,fit}’)
xlim([-0.03 1.03])
ylim([-0.03 1.03])
title(num2str(residual_13C_slow(k),’%.3f’),’fontsize’,15) % show Rsquared value on plots
box on
end
end
%% Plot calculated versus true pF values for amide proton spectra in slow exchange
figure
for k = 1:length(S2N)
for q = 1
subplot(2,4,9-k)
hold on
errorbar(pB,1-pA_calc_15N_slow(:,k),pA_err_15N_slow(:,k),’kx’,’linewidth’,1.5)
plot(0:1,0:1,’k’,’linewidth’,1.5)
set(gca,’fontsize’,30)
xlabel(’p_F’)
ylabel(’p_{F,fit}’)
xlim([-0.03 1.03])
ylim([-0.03 1.03])
title(num2str(residual_15N_slow(k),’%.3f’),’fontsize’,15) % show Rsquared value on plots
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box on
end
end
%% Measure chemical shifts for fast exchange datasets
for p = 2 % fast exchange
for k = 1:length(S2N)
for o = 1:length(pB)
for q = 1:20 % We now repeat each experiemnt 20 times, so that variation in peak
position as a result of the addition of noise can be evaluated.
clear max_13C position_13C max_15N position_15N
[max_13C, position_13C] = max(real(FT_13C(:,k,p,o,q)));
omega_13C(o,q,k) = freq(position_13C)-freq(513); % Offset of approx 2.44. Eliminate
this so that initial frequency is 0.
[max_15N, position_15N] = max(real(FT_15N(:,k,p,o,q)));
omega_15N(o,q,k) = freq(position_15N)-freq(513); % Offset of approx 2.44. Eliminate
this so that initial frequency is 0.
clear max_13C position_13C max_15N position_15N
end
end
end
end
% Take average chemical shift for each experiment, and measure standard
% deviation to determine error
for o = 1:length(pB)
for k = 1:length(S2N)
omega_13C_avg(o,k) = mean(omega_13C(o,:,k));
omega_13C_err(o,k) = std(omega_13C(o,:,k));
omega_15N_avg(o,k) = mean(omega_15N(o,:,k));
omega_15N_err(o,k) = std(omega_15N(o,:,k));
end
end
% Minimum error is resolution
omega_13C_err(omega_13C_err <= res) = res;
omega_15N_err(omega_15N_err <= res) = res;
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%% Calculate pB values and propagate errors.
for o = 1:length(pB)
for k = 1:length(S2N)
pB_13C_fast(o,:,k) = (omega_13C(o,:,k) - omega_13C(end,1,k))./(omega_13C(1,1,k) - omega_13C(
end,1,k));
pB_13C_fast_avg(o,k) = mean(pB_13C_fast(o,:,k));
pB_13C_fast_err(o,k) = std(pB_13C_fast(o,:,k));
%
pB_15N_fast(o,:,k) = (omega_15N(o,:,k) - omega_15N(end,1,k))./(omega_15N(1,1,k) - omega_15N(
end,1,k));
pB_15N_fast_avg(o,k) = mean(pB_15N_fast(o,:,k));
pB_15N_fast_err(o,k) = std(pB_15N_fast(o,:,k));
end
end
% Define minimum error in pB relative to resolution of spectrum
pB_min_err = 1 - ((res - 350)/(0 - 350));
pB_13C_fast_err(pB_13C_fast_err <= pB_min_err) = pB_min_err;
pB_15N_fast_err(pB_15N_fast_err <= pB_min_err) = pB_min_err;
%% Regression analysis of fast exchange datasets
for k = 1:length(S2N)
for q = 20;
[A1] = fitlm(pB,pB_15N_fast(:,q,k));
residual_15N_fast(k) = A1.Rsquared.Ordinary; % R-square values for amide proton fast
exchange dataset
[B1] = fitlm(pB,pB_13C_fast(:,q,k));
residual_13C_fast(k) = B1.Rsquared.Ordinary; % R-square values for methyl proton fast
exchange dataset
end
end
%% Plot calculated versus true pF values for methyl proton spectra in fast exchange
figure
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for k = 1:length(S2N)
for q = 20
subplot(2,4,9-k)
hold on
errorbar(pB,pB_13C_fast(:,q,k),pB_13C_fast_err(:,k),’kx’,’linewidth’,1.5)
plot(0:1,0:1,’k’,’linewidth’,1.5)
set(gca,’fontsize’,30)
xlabel(’p_F’)
ylabel(’p_{F,fit}’)
xlim([-0.03 1.03])
ylim([-0.03 1.03])
title(num2str(residual_13C_fast(k),’%.3f’),’fontsize’,15) % show Rsquared value on plots
box on
end
end
%% Plot calculated versus true pF values for amide proton spectra in fast exchange
figure
for k = 1:length(S2N)
for q = 20
subplot(2,4,9-k)
hold on
errorbar(pB,pB_15N_fast(:,q,k),pB_15N_fast_err(:,k),’kx’,’linewidth’,1.5)
plot(0:1,0:1,’k’,’linewidth’,1.5)
set(gca,’fontsize’,30)
xlabel(’p_F’)
ylabel(’p_{F,fit}’)
xlim([-0.03 1.03])
ylim([-0.03 1.03])
title(num2str(residual_15N_fast(k),’%.3f’),’fontsize’,15) % show Rsquared value on plots
box on
end
end
145
Appendix B
NMR Triple Resonance Assignment of
the GA Module
B.1 Triple resonance experiments
The triple resonance experiments used to obtain the assignment of the GA module NMR resonances are
briefly described here, followed by the the list of resonances. For magnetisation transfer pathways, see
Figure B.1, below.
HNCO
This experiment starts with excitation of a backbone amide proton, and transfers magnetisation to the corre-
sponding nitrogen, and then the carbonyl carbon of the same amino acid, before transferring magnetisation
back through the nitrogen to be observed on the proton. This is one of the most sensitive triple resonance
experiments, and allows observation of the coupling between 15NH, 1HN of one residue with the adjacent
13C’ of the previous residue.
HNCACB
The HNCACB begins with excitation of the 1Hα and 1Hβ of the side chain residues i and i-1. This is
then transferred through the 13Cα and 13Cβ nuclei, followed by 15N of residue i, and finally the 1HN for
detection. The Cα and Cβ appear in one dimension, and the 15N and the 1HN appear in their own respective
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Figure B.1: Magnetisation transfer pathways for the triple resonance spectra used for assignment in
this report. A: HNCO. B: HC(C)H TOCSY. C: HNCACB. D: HNCOCACB. E: H(CC)(CO)NH. F:
(H)CC(CO)NH.
Blue corresponds to nuclei that are detected in the final experiment. Grey corresponds to nuclei that are
either excited initially with a radio-frequency pulse, or used to transfer magnetisation, without being ob-
served in the final experiment. This figure was produced using the Keynote software. General design of the
diagrams was obtained from [63].
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dimensions. Overall, this experiment allows observation of coupling between the amide of residue i and the
Cα and Cβ nuclei of residues i and i-1.
HNCOCACB
Almost identical to the HNCACB, however an extra step includes transfer from Cα through the adjacent
carbonyl carbon to the 15N of the adjacent residue. Hence we exclusively observe a correlation between the
amide of residue i and the Cα and Cβ of i-1. This can be combined with the HNCACB to connect adjacent
residues.
H(CC)(CO)NH
This experiment begins with excitation of aliphatic side chain 1H nuclei (i-1), and transfers magnetisation
through all aliphatic 13C nuclei, including the carbonyl, to the 15N and 1H of residue i. Magnetisation is
evolved for detection on the aliphatic protons, and the nitrogen and amide proton.
(H)CC(CO)NH
This is very similar to the H(CC)(CO)NH experiment, however it is the aliphatic 13C nuclei of the side
chains of the preceding residue that are observed in this case, as opposed to the aliphatic 1H nuclei. These
two experiments allow the observation of coupling between the amide group of residue i to the aliphatic side
chain 1H and 13C nuclei of residue i-1.
HC(C)H TOCSY
The TOCSY experiment begins with excitation of the aliphatic 1H nuclei of a given residue. This is then
transferred to the 13C nuclei, where an isotropic mixing period allows couplings between each proton and all
other spins in the system to evolve. Magnetisation is then transferred back to 1H for detection [154].
The TOCSY experiment allows for side-chain assignment, which can be used to easily identify an amino
acid for a given Cα frequency. As a result of this, the connectivities between amino acids as determined
from HNCACB and others can be assigned a location in the primary sequence, leading to residue specific
assignment of the spectra.
With the above experiments, we can produce a series of 3D spectra that allow us to show which resonances
are connected to each other, and with some identification using TOCSY and chemical shifts, along with the
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known primary sequence of the protein, the identity and connectivity of these resonances can be verified in
the 2D HSQC spectra of the protein.
B.2 GA module resonance assignment
Shown below is the amide backbone and carbon backbone/sidechain assignment of the GA module of protein
PAB as discussed in this thesis. Chemical shifts are given in ppm.
Residue
number
Amino
acid
HN NH C’ Cα Cβ
1 Thr - - 176.05 62.08 70.41
2 Ile 8.52 122.38 - 62.86 38.16
3 Asp 8.24 121.19 178.69 56.79 40.90
4 Gln 8.13 120.68 181.04 58.68 28.42
5 Trp - - 178.51 58.71 28.39
6 Leu 8.29 123.83 177.78 60.58 28.81
7 Leu 8.53 119.55 180.48 58.04 41.82
8 Lys 7.86 120.10 179.15 59.73 32.25
9 Asn 8.05 117.36 176.71 55.99 37.95
10 Ala 8.08 121.75 181.28 55.14 18.50
11 Lys 8.24 119.62 177.58 60.65 33.16
12 Glu 7.93 117.82 180.31 59.70 29.23
13 Asp 8.62 120.81 178.42 57.28 40.32
14 Ala 8.12 122.67 179.40 55.45 18.88
15 Ile 8.31 118.54 177.54 65.92 37.70
16 Ala 7.92 121.22 181.05 55.54 17.89
17 Glu 8.15 120.01 179.82 59.84 29.72
18 Leu 8.40 121.07 179.28 58.83 40.62
19 Lys 8.61 119.38 181.91 60.36 32.65
20 Lys 8.13 121.93 177.57 59.29 32.33
21 Ala 7.47 120.06 177.15 52.14 18.88
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22 Gly 7.88 106.26 174.12 45.31 -
23 Ile 8.04 123.84 175.34 61.26 37.29
24 Thr 8.21 114.06 - 60.92 70.30
25 Ser 6.95 116.45 - 57.91 63.57
26 Asp - - - - -
27 Phe - - 178.46 60.98 39.01
28 Tyr 7.11 117.45 177.46 59.76 37.74
29 Phe 7.36 119.25 178.06 58.49 36.45
30 Asn 8.69 117.36 177.06 56.15 38.02
31 Ala 7.40 121.69 180.32 55.35 17.60
32 Ile 7.73 117.86 177.76 63.83 36.78
33 Asn 8.18 115.53 177.90 55.94 38.47
34 Lys 7.69 118.88 176.80 56.40 33.00
35 Ala 7.38 124.28 177.86 53.32 19.96
36 Lys 8.74 116.98 176.78 57.38 34.90
37 Thr 7.22 105.31 174.73 58.82 73.39
38 Val 9.11 122.89 177.41 67.08 31.72
39 Glu 8.90 119.58 179.57 60.59 28.63
40 Glu 8.05 121.68 178.70 59.37 30.70
41 Val 7.91 119.42 177.14 67.61 31.51
42 Asn 8.20 116.19 177.25 56.36 38.21
43 Ala 8.21 122.84 180.99 55.32 18.16
44 Leu 8.32 120.28 178.57 57.90 42.87
45 Lys 8.63 118.53 177.60 60.41 31.44
46 Asn 8.07 115.25 177.85 56.45 38.24
47 Glu 8.07 121.31 179.31 59.54 29.74
48 Ile 8.43 121.35 178.66 65.19 38.22
49 Leu 8.28 119.62 180.24 58.22 41.56
50 Lys 7.89 118.80 - 58.91 32.33
51 Ala 7.71 120.34 178.17 53.58 18.52
52 His 7.63 116.27 173.78 56.97 30.45
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53 Ala 7.49 129.91 - 54.30 20.00
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